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Sensors have been receiving significant attention in the last decade and the demand for
sensory systems has increased in recent years due to the rapid growth in the field of artificial
intelligence (AI). Sensors can improve people’s awareness by providing them with real-time
information on the environment and their immediate health conditions. This dissertation presents
the fulfilment of three main projects and focuses on the development of a sensor, a sensory system,
and a sensor signal recognition system for AI applications by employing printed electronics,
analog circuit design, and digital signal processing techniques.
In the first project, a multi-channel stethograph system was designed and developed as an
electronic auscultation system to non-invasively record heart, lung, and trachea (HLT) sounds
through a set of 16 acoustic sensors. The multi-channel stethograph system was fabricated by
placing 16 microphone-based transducers in CNC machined Delrin® housing cases that were
covered using diaphragms. Among the 16 acoustic sensors, 14 were positioned in a memory foam
pad, and two were placed directly on the heart and trachea to simultaneously acquire sounds from
the lungs, heart and trachea. The sounds acquired from the 16 acoustic sensors were processed
through a custom designed and fabricated 16-channel PCB for signal conditioning. A National
Instruments (NI) 9205 data acquisition device (DAQ) along with a NI 9191 wireless chassis was
used to acquire and wirelessly transmit the data from the 16-channel PCB to a Wi-Fi enabled

device such as a PC/tablet. A LabVIEW and MATLAB program were developed to convert the
recorded data from the acoustic sensors into 16 audio files (for audio playback) and the waveforms
were plotted in both the time and frequency domains as well as a spectrogram for visual
examination of any abnormal patterns during inhalation and exhalation. This provides critical
information on the presence of wheezes, crackles and rhonchi sounds as well as abnormal heartbeat
and respiration rate, which helps analyze the conditions of heart and lungs. The graphically
displayed HLT sounds will help physicians in the clinical diagnoses and monitoring of lung and
heart disorders, particularly chronic obstructive pulmonary disease (COPD), asthma, pneumonia,
and congestive heart failure by providing objective evidence.
In the second project, a MATLAB based intelligent algorithm was developed for detecting
the various adventitious sounds in the audio collected from the multi-channel stethograph system.
Adventitious sounds are the key characteristics of cardiopulmonary diseases (CD) and assist the
doctor/physician in the continuous diagnosis of lungs. The algorithm consists of breath pattern
detection, candidate audio selection, breath pattern extraction and adventitious sound detection
capabilities. Digital signal processing techniques such as filtering, windowing, enveloping,
discrete Fourier transform (DFT) and thresholds were used for identifying and classifying the
inhalation and exhalation patterns in the lung sound in an independent (automatic) and intelligent
way. The auscultation diagnosis algorithm can identify and distinguish discontinuous adventitious
sounds including wheeze, rhonchi, wheeze & rhonchi and squawk, with an accuracy of 96.9%,
95.3%, 90% and 100%, respectively. The algorithm has the potential to aid doctors/physicians in
the early detection and monitoring of any lung disorders by providing objective evidence on
adventitious sounds. This is specifically important for monitoring disease progression during the
COVID-19 pandemic.

In the third project, a resistive flexible humidity sensor based on multi-walled carbon
nanotubes (MWCNTs) was designed and fabricated. Screen and gravure printing processes were
used for monolithically fabricating the humidity sensor containing interdigitated electrodes (IDE),
a sensing layer and a meandering conductive heater. The sensing capability of the printed sensor,
with heater, was investigated by subjecting it to relative humidity (RH) ranging from 10% to 90%.
The response demonstrated an overall resistance change of 55% when the sensor was subjected to
90% RH, as compared to 10% RH. A maximum hysteresis of 5.1%, at 70% RH, was calculated
for the resistive response of the sensor. The printed sensor can bend with a radius of curvature of
up to 1.5 inches without causing any structural damage or effect on the sensor performance. In
addition, due to the high sensitivity and rapid response, the developed sensor has the feasibility to
be implemented in humidity monitoring applications.
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CHAPTER 1
INTRODUCTION
1.1

Motivation
A steady effort has been made on the development of efficient and easy-use digital

stethoscope systems for monitoring cardiopulmonary and cardiovascular disease with highly
accurate detection capabilities. In the past, the heart and lung sounds were detected by placing a
stethoscope to the chest to detect and classify abnormal lung sounds. Nevertheless, clinicians
regularly listen to heart, lung, and trachea (HLT) sounds using a stethoscope and this process is
subject to a variety of limitations. These include observer variability (human ear is not sensitive to
the low frequency band) (P. Leijdekkers et al.,2006), inadequate understanding of the basic
mechanisms of production of the sounds, and the lack of adequate studies of clinical and
physiologic correlations of the sounds themselves (R. Loudon et al., 1984). Many researchers are
focusing on developing computerized lung and heart sound recording systems that can aid in
monitoring various cardiovascular and cardiopulmonary diseases (CCDs) (E. Messner et al., 2017;
S. G. Wong, 2014; S, Chung et al., 2019). However, these lung sound recording devices have
limited acoustic sensors and signal conditioning circuits. Also, these devices are not equipped with
wireless capabilities for the doctor/physician. These limitations make the lung sound detection
process complex and time consuming using currently available devices. The development of a
highly sensitive and rapid sensing systems for the recording of lung sounds therefore becomes
very important.
Stethoscopes/digital stethoscopes have been used by physicians/doctors to obtain
adventitious sound information to aid in the diagnosis of pulmonary disorders such as chronic

1

obstructive pulmonary disease (COPD), asthma, and pneumonia since the invention of the
stethoscope by Laennec in 1816 (P. Leijdekkers et al.,2006; L. Scalise, 2012). The sounds obtained
from the stethoscopes play significant roles in providing vital information about the HLT
conditions (Breath sound, 2020; A. Vyshedskiy et al, 2005). But the acoustic information obtained
from stethoscopes are often not reliable due to weak lung sounds combined with environmental
noise. Moreover, it has been a difficult task to extract abnormal or disease identifying features
from the acoustic information to diagnose pulmonary diseases without the aid of a computer (R.
Loudon et al., 1984). In recent years, digital stethoscopes/auscultation systems for recording HLT
audio have been considered to be reliable, non-invasive and inexpensive techniques (S. Li et al.,
2017). Even though an electronic auscultation recording system is an efficient tool to aid doctors
or physicians in analyzing HLT sounds, it does not reduce the need for an experienced doctor or
physician to diagnosis adventitious sound in the lung. Advancements in the field of digital signal
processing have provided the potential to obtain this information more objectively and the ability
to process it with greater precision (I. M. Ariful et al., 2018). The capability to use digital signal
processing techniques along with electronic auscultation recording system to create artificial
intelligence programs have the potential to further reduce labor costs and enhance accuracy.
Printed electronics (PE) have been considered as a roll-to-roll (R2R) additive process with
significant advantages for the fabrication of flexible electronics devices (FHE) (X. Zhang et al.,
2019a). Electronic devices fabricated using PE have multiple advantages, such as being flexible,
lightweight, low-cost and wearable (X. Zhang et al., 2019a). PE has become a preferred technology
when compared to micro-electromechanical system (MEMS) technology for fabricating electronic
devices on flexible substrates such as polymer film, paper, and textiles. Functional ink materials
such as metallic, dielectric, and semiconductors with binders and solvents are used in PE printing
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processes such as aerosol jet, gravure, ink-jet, screen printing and 3D printing (X. Zhang et al.,
2020; P. Laszczak et al., 2015). Moreover, PE enables the possibility of printing arrays of large
complex electronic systems when compared to conventional electronic devices, which are
fabricated at silicon wafer sizes (A. K. Bose et al., 2019).
Humidity sensors are a type of transducer that can quantify water vapor in an ambient
environment. Humidity sensors are important for a wide variety of applications in the food,
biomedical, heating, ventilation, and air conditioning (HVAC) industries. Humidity measurement
systems have been developed with various types of transduction techniques, materials, and
fabrication processes (X. Zhang et al., 2020). Typically, there are two types of humidity sensors:
capacitive humidity sensors and resistive humidity sensors. Resistive type humidity sensors have
been developed to overcome the non-linear response and parasitic noise of capacitive humidity
sensors in the measurement process. Humidity sensors have been conventionally fabricated using
micro-electromechanical systems (MEMS) based technology (Z. M. Rittersma, 2002). However,
this manufacturing process involves the use of complex fabrication steps along with the use of
relatively expensive facilities (X. Zhang et al., 2018). Moreover, the humidity sensors are often
fabricated on rigid substrates, thereby resulting in sensors that are not conformal enough for
flexible platforms. The drawbacks associated with conventional humidity sensors can be overcome
using additive print manufacturing processes such as screen and gravure printing, which enable
the fabrication of electronic devices on flexible platforms with R2R processing capabilities.

1.2

Objectives
The author's research work has resulted in 24 conference publications, 2 intellectual

property (IP) disclosures, 2 patent application and 8 high-quality peer-reviewed journal
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publications as well as 4 in progress for submission or waiting for decision, as given in the list of
publications in Appendix A. The publications directly related to the research performed for this
dissertation have been marked with “*”, in Appendix A. The results of the projects have been
published in multiple prestigious journals. The author has also presented the research work at
several international conferences, which have been published in multiple proceedings. The author
was also awarded a “Department Level Graduate Research and Creative Scholar Award” in 20182019 that was followed by an “All-University Level Graduate Research and Creative Scholar
Award” in 2020-2021. .

1.3

Organization of the Dissertation
This dissertation presents the details of the research projects that the author has completed

during his Doctoral studies. In this dissertation, the author developing a multi-channel stethograph
(STG) system using a custom designed acoustic sensor array and signal conditioning circuit. The
author also developed an adventitious sound detection algorithm using digital signal processing
techniques along with the STG system to develop a program for identifying crackle, wheeze,
rhonchi and squawk. Finally, the author used screen printing and gravure printing processes to
develop a printed carbon nanotube-based flexible resistive humidity sensor. The dissertation will
be organized and pursued in three projects in order to achieve the research outcomes.
In Chapter 2, the author presents a general comprehensive literature review of CCDs,
adventitious sounds as well as and current digital signal processing methods that are applied for
adventitious sound detection. It provides a deep insight into the background and science behind
the basic principle of the types of CCDs, symptom of the CCD, and classification of different
adventitious sounds. In addition, an overview of sensory system, with a brief introduction is
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presented. Further, a general discussion of printed electronics and its challenges are discussed,
followed by a discussion covering the various types of printed sensors.
The first project on the development of a novel wireless multi-channel stethograph system
for monitoring cardiovascular and cardiopulmonary diseases is presented in Chapter 3. This
includes the design, fabrication and data recording program development. The measurement setup, testing and data obtained are also presented. This project demonstrated the recording capability
of the STG system on human body chest. The performance of the acoustic sensors was analyzed
and is presented in this chapter.
In Chapter 4, a research project for the intelligent detection of adventitious sounds critical
in diagnosing cardiovascular and cardiopulmonary diseases during this time of Coronavirus
progression is presented. This includes algorithm development for the detection of crackles,
wheeze, rhonchi and squawk. The performance of the developed algorithms is investigated by
identifying four typical adventitious sounds: crackles, wheeze, rhonchi and squawk. The
processing results of the algorithm demonstrate that the developed algorithm can be used as an
efficient tool for doctors/physicians in the diagnosis of CCDs.
In Chapter 5, a research project on the development of a novel fully screen-printed flexible
humidity sensor is presented. This includes the design, fabrication and characterization of a heater
and humidity sensor. The capability of the printed device, with heater, was investigated by
subjecting it to relative humidity (RH) ranging from 10% to 90%. The response of the sensor
demonstrated the feasibility of using printing processes to create a flexible humidity sensor for
various applications in the environmental industries.
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Finally, in Chapter 6, the author concludes with a summary of the dissertation along with
suggestions for future work.
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CHAPTER 2
LITERATURE REVIEW

2.1 Introduction
In chapter II, the author provides a comprehensive literature review on cardiopulmonary
and cardiovascular diseases (CCDs) and digital signal processing tecniques for detection, sensory
systems, printed electronics as well as printed sensors. In section 2.2, an introductory discussion
about the cause, symptom and diognosis of different types of CCDs is presented. This is followed
by discussion of the signal characteristic fundamentals of different type of adventitious sounds and
the application of DSP tecnhnique based on current state-of-the-art signal processisng for
adventitious sound detection. Section 2.3 provides a overview and background knowledge of
sensory sensors, types and applications of the sensory system, which provides the reader with an
opportunity to understand the backgound of the sensory systems. Sections 2.4 and 2.5 provide an
insight into the the basic working principle and advantages of printed electronics and the various
types of printed sensors. The author presents an introduction and review of printed electronics
(PE), which is a relatively new method of fabricating flexible and wealable electronic devices.
Different types of printing as well as some of the challenges associated with implementing PE
manufacturing processes on sensor development are presented.
The author hopes that readers who are have an interest in sensor, sensory systems, and
digital signal processing will have a practical understanding of the interdisciplinary field of study,
from this chapter. In addition, the author expects that the readers will be inspired by the information
for new research and applications.
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2.2 Cardiopulmonary and Cardiovascular Diseases
Cardiovascular diseases are a group of disorders of the heart and blood vessels (also
called heart disease), such as (heart failure, heart attack). It is high risk diseases since around 4.3M
people die from heart disease each year in the world (Fig. 2.1 (a)) (C. Mattiuzzi et al., 2020).
Cardiopulmonary disease is the medical term used to describe a range of serious disorders
that affect the heart and lungs (it’s normally called lung disease), such as (COPD, asthma,
pneumonia, etc.) In the world, about 180 thousand people die from lung disease each year Fig. 2.1
(b)) (M.M.A. Khan et al., 2020).

(a)

(b)

Figure. 2.1. (a) Image of heart (Conquering Cardiovascular Disease, 2011), (b)
image of lungs (Conquering Cardiopulmonary Disease, 2011)

2.2.1 Diagnosis Systems
2.2.1.1 CT Scan
A computerized tomography (CT) scan is a medical imaging technique to get images of
the body for diagnostic purposes. It combines a series of X-ray images obtained from different
angles from a patient’ body and uses signal/image processing by computer to create cross-sectional
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images (Fig.2.2). It provides detailed information on the blood vessels, heart and lungs inside
patients’ body (Computed Tomography (CT), 2021).
A CT scan has many applications in diagnosis, particularly to quickly examining of a
patient who may have internal diseases or injury. A CT scan can be used to visualize the body and
to plan medical, surgical or radiation treatments (B. Yvette, 2018).

Figure. 2.2. CT scan machine (B. Yvette, 2018).

2.2.1.2 X-Ray
X-rays are type of electromagnetic radiation called electromagnetic waves (Fig. 2.3). Xrays have higher energy compare with visible light and can pass through most objects, including
the body and chest. Medical x-rays are used to generate images of tissues and structures inside the
body. When x-rays pass through the body travel through an x-ray detector behind the patient, an
image will be generated that represents in different shades of gray formed by the objects inside the
body. This is because different tissues absorb different amounts of radiation (K. Sanchari, 2021).
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Figure. 2.3. X-ray machine (K. Sanchari, 2021)

2.2.1.3 Stethoscope
The stethoscope is a medical instrument device for listening to internal sounds of a human
body (Fig. 2.4). Generally, It has a small disk-shaped resonator (30 mm diameter) that is placed
against the chest, and two tubes connected to two earpieces. A stethoscope can be used to diagnose
cardiopulmonary and cardiovascular diseases (CCDs) by listening to someone's heart or lung
sounds for abnormality (S. Leng et al., 2015).

Figure. 2.4. Stethoscope (Dual-Head Stethoscope, 2021)
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2.2.2 Challenge of Current Detection Methods
Conventional CCD diagnoses include X-Ray and CT scan have some risks. People may be
suffering vomiting, bleeding, fainting, loss of skin and even risk of cancer by using those diagnose
methods (N. Tim, 2018). In addition, according to the survey in hospitals, researchers found in
hospitals and imaging centers, X-ray costs varied from $41 to $285, CT scan costs ranged from
$437 to $2,239 (M. Alan, 2016). Because of the high cost and risk of CT scan and x-ray,
doctor/physician prefer to diagnoses CCDs by hearing abnormal sounds from the lung and heart
using a stethoscope at the early detection stage. But stethoscopes also have several disadvantages.
First, trained observers need high concentrate and excellent hearing, however different observer
might give different interpretations based on sounds since it is still difficult for observer to
distinguish minor audio variations very well even when concentration In addition, using only one
stethoscope at variation locations, it can still be hard to come to a conclusion and also determine
which location in the lungs has the strongest abnormal sound (X. Zhang, 2021).

2.2.3 Type of Cardiopulmonary and Cardiovascular Disease
2.2.3.1 Pneumonia
Pneumonia is an infection that can be in one or both of the lungs. The air sacs are filled
with fluid after infection, most commonly caused by bacteria, viruses, fungi and parasites. Figure
2.5 shows that normal air sacs and fluid-filled air sacs when the patient has pneumonia. Pneumonia
is the leading cause of death in the world and killed more than 808,000 children under the age of
5 in 2017 (Pneumonia, 2021). Generally, people with pneumonia have a weak immune system and
show some kind of respiratory symptoms.
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Figure. 2.5. Patient with pneumonia (PNEUMONIA, 2019)

Signs and symptoms of pneumonia can include (M.H. Ebell et al., 2020):
•

Chest pain

•

Mental confusion

•

Cough

•

Headache

•

Sputum

•

Fever

•

Short breath

•

Adventitious lung sound (mainly crackle)
Adventitious lung sounds commonly occur during breathing when the patient has

pneumonia. The most common adventitious sound is crackle. Other adventitious sounds, such as
wheezes and squawks can be present as well. The crackles tend to be generated within the region
of the infected lung. Also, the breath sounds may be quieter than normal (E.D. McCollum et al.,
2020)
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Typically, diagnosis of pneumonia includes chest x-ray, computed tomography (CT),
stethoscope, body temperature test and blood tests (G.E. Hayden et al., 2009). X-ray on the chest
is the most common diagnostic technique for the patient with pneumonia. the chest x-ray will
possibly show white areas, known as infiltrates, which indicate air sacs are filled with fluid.
However, there are multiple risks to patients from exposed to X-rays, particularly due to the
possibility that a patient exposed to X-rays will develop cancer later in life. Also, side effects such
as cataracts and skin reddening, which may occur at X-ray radiation exposure, may be present.
(Medical X-ray Imaging, 2021).
In instances, white areas may not be present when the patient is exposed to X-rays and it
is a diagnostic tool that does not remove the problem of doctor/physician variability in
interpretation. A CT scan is often considered as second step after an x-ray test if a chest x-ray does
not produce results since it is sensitive to infiltrates. However, the main concern is that many
patients suffering a potential risk of cancer after expose to CT scans (E. Carol, 2020).

2.2.3.2 Chronic Obstructive Pulmonary Disease
Chronic obstructive pulmonary disease (COPD) is a chronic inflammatory lung disease
that affect airflow from the lungs. It is a progressive disease that obstructed airflow causes
difficulty in breathing. It is the fourth leading cause of death in the United States, affecting
16,000,000 people in US. The most common irritant that causes COPD is tobacco smoke such as
cigarette smoke and pipe, cigar, especially if the smoke is inhaled (T. Jen, 2020).
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Figure. 2.6. Patient with COPD (P. Rene, 2021)

The two dominant diseases that belong to COPD are chronic bronchitis and emphysema.
Chronic bronchitis is a long-term inflammation of the bronchial tubes (Fig. 2.6). Tubes in the lung
are called airways that carry air to and from the air sacs in the lungs. The inflammation of the tubes
causes mucus to accumulate. This mucus and the swelling of the airways make it hard to breath,
which reduces oxygen movement in and carbon oxides movement out of the lungs. Emphysema is
a condition that the walls of the air sacs of the lungs are damaged when people have COPD [Fig.
2.6]. The damaged air sacs lose their shape and become floppy, leading to fewer and larger air sacs
instead of many tiny ones. It further makes people to gather oxygen (Chronic Bronchitis, 2017).

Signs and symptoms of COPD can include:
•

Shortness of breath

•

Chest tightness

•

Cough
14

•

Frequent respiratory infections

•

Tired

•

Sputum

•

Swelling

•

Adventitious lung sound (mainly wheeze)
Patients with COPD usually present wheezing sounds during breathing. It normally occurs

at the expiratory phase until the end. A patient also may have a few crackles along with lung
sounds. Furthermore, the loudness of breath sounds is decreased in intensity (C. Jácome, A.
Marques, 2015).
Diagnosing COPD is a challenging task since it is often misdiagnosed as asthma due to
that the symptoms being very similar. The main method to diagnosing COPD from asthma is
obtaining a patient’s medical and personal history. COPD mainly occurs in the patient over age 50
with a history of smoking intensity (C. Jácome, A. Marques, 2015). A more precise diagnosis can
be made by using spirometry, imaging tests (like a chest X-ray or CT scan and an arterial blood
gas test). The spirometer measures the maximum volume and the force of the air as it is exhaled
from the lungs when the patient takes a deep breath. A chest x-ray and CT scan also may be
obtained in order to distinguish COPD more precisely. As previously mentioned, x-ray and CT
scan have multiple risks.

2.2.3.3 Congestive Heart Failure
Congestive heart failure (CHF) is a chronic, long-term condition in which the heart cannot
pump enough blood from heart to the body. Figure 2.7 (a) shows heart diastolic: where the heart
cannot fill due to stiff and thick chambers. Figure 2.7 (b) shows heart systolic; heart cannot pump
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due to being stretched and thin chambers. Heart failure often develops after other diseases have
damaged/weakened the heart. Heart disease is the leading cause of death in the United States.
About 655,000 Americans die from heart disease each year—that’s 1 in every 4 deaths (heart
disease, 2021).

(a)
Figure. 2.7. Patient with CHF (D. Walid, 2021)

(b)

Heart failure signs and symptoms can include (heart disease, 2021):
•

Shortness of breath

•

Headache

•

Swelling

•

Rapid and irregular heartbeat

•

Cough

•

Rapid weight gain

•

Chest pain

•

High blood pressure

•

Heart attach
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•

Adventitious sounds
Although CHF is primarily a heart disease, adventitious lung sounds still occur because

heart failure affects the fluid within the lungs. The primary adventitious sound along with breath
sounds in CHF are crackles that occur in the lungs. Compared with crackles in pneumonia that
occur in a certain region, the crackles that occur during breathing for CHF tend to be more
symmetric and happened in both lungs simultaneously. Also, the number and loudness of crackles
may indicate severeness of the heart condition. A few wheezes and rhonchi may also occur during
breathing (M.S. Figueroa and J.I. Peters, 2006).
A typical method for diagnosing CHF is patient history survey, Electrocardiogram and
Echocardiogram. Electrocardiogram (ECG) records the electrical activity of patient heart through
electrodes attached to patient skin. It helps the doctor/physician diagnose heart rhythm problems.
The risk for ECG is electrode patches may cause tissue breakdown or skin irritation.
Echocardiogram is used to check the size and shape of the heart along with any abnormalities by
sound waves producing a video image of the heart. Doctor/physician can use the size and shape of
the heart to measure amount of blood pumped to the body. It is an effective but expensive
diagnostic method. The risk of echocardiogram electrodes may cause a sore throat and a minor
throat injury (U. Orhan, 2013).

2.2.3.4 Asthma
Asthma is a chronic disease in which the patient airways narrow and swell along with
mucus. Approximately 25 million Americans have asthma. It is the leading chronic disease in
children. Asthma is due to a combination of environmental and inherited factors. Airborne
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allergens, such as pollen, dust mites, particles of waste and mold spores may cause asthma
(Asthma, 2021). Figure 2.8 shows normal airway and narrow airway when patient has asthma.

Figure. 2.8. Patient with Asthma (B. Kylene, 2020)

Signs and symptoms of asthma can include (Asthma, 2021):
•

Shortness of breath

•

Chest tightness or pain

•

Coughing

•

Adventitious sound
There are similar symptoms as those pointed out for COPD previously. One of the main

distinguishing characteristics between the two diseases is that of the patient history. Asthma can
be diagnosed at a younger age whereas COPD tends to develop at elder age with a history of smoke
(Asthma, 2021).
Adventitious lung sounds are commonly occurred during breathing when a patient has
Asthma. The dominant adventitious lung sound in asthma is wheezing, rhonchi (adventitious
sound) can be present as well.
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Diagnosing asthma is quite complicated since it is often misdiagnosing as COPD.
Spirometry was one of the tools to diagnosis asthma. This test estimates the narrowing of airway
by checking volume of airflow after a deep breath. The other test instrument is a peak flow meter.
It is a device that measures breathe out airflow. When patient has asthma, it is expected a lower
than usual peak flow reading due to unhealthy lung function. A chest X-ray also can help identify
any structural abnormalities that can cause asthma (Asthma, 2021).

2.2.3.5 Vocal Cord Dysfunction

Vocal Cord Dysfunction (VCD) is a breathing and voice disease where the vocal cords do
not act normally, which is caused by restriction of the airway when inhaling. Generally, vocal
cords open up with air in and out during breathing. For patient with VCD, the vocal cords close,
this closing of your vocal cords makes it harder to get air in and out of the lungs (Fig. 2.9). VCD
normally occurs at inspiration, but also may occur at expiration (Vocal Cord Dysfunction, 2021).

Figure. 2.9. Patient with VCD (A. Truong, 2011)

Symptoms of VCD can include:
•

Dyspnea

•

Coughing

•

Throat tightness
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•

Stridor

•

Dysphonia

•

Adventitious sounds
Although VCD is vocal cord disease, adventitious lung sounds still occur because the

closing of the vocal cord affects the air fluid during breath. The adventitious sound along with
breath sounds in VCD is wheeze, which occurs at the vocal cords. Compared with wheeze in
COPD and asthma that occurred in certain regions, the wheeze that occurs during breath for VCD
tends to be symmetric and can be heard in both lungs simultaneously. Also, the number and
loudness of wheeze may indicate severeness of the vocal cord condition (G.A. Incaudo, 2001).
Spirometer, laryngoscope and oximeter are main test instruments used to diagnose VCD.
A spirometer is an instrument that measures how much air and how fast the air moves when
inhaling in and exhaling out. It will show a lower amount of air coming in than usual if the patient
has VCD. A laryngoscope is a flexible tube with a camera attached. It’s inserted through your nose
into your larynx. The vocal cord might be closed if the patient has VCD. An oximeter is an
electronic device that measures the oxygen level. If a patient has VCD, the oxygen level might
stay normal during an attack compare with other disease such as COPD and Asthma (Vocal Cord
Dysfunction, 2021).

2.2.3.6 Idiopathic Pulmonary Fibrosis
Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive lung disease characterized by
the thickening and scarring of the lungs (Fig. 2.10). It is called idiopathic since the cause for the
disease is still unclear. This condition causes scar tissue to grow inside the lungs, makes the airway
narrower, which makes it difficult to breath and makes the lungs unable to transport sufficient

20

oxygen into the bloodstream. The disease most often affects people at elder age (W. Stephanie,
2020).
Signs and symptoms of Idiopathic pulmonary fibrosis can include (W. Stephanie, 2020):
•

Shortness of breath

•

Cough

•

Fatigue

•

Weight loss

•

Chest pain or tightness

•

Swelling

Figure. 2.10. Patient with IPF (D. Kelly, 2018)
Fine crackles are the most dominant adventitious lung sound in IPF. The fine crackles can
occur during both inspiration and expiration. The number and loudness of fine crackles may
indicate severeness of the heart condition. As the patient’s IPF condition worsens, louder fine
crackles are generated in the lungs during breath. Squawks, which are short wheezes, are also
present occasionally in patients with IPF (M. Munakata et al., 1991). Since the fine crackles in IPF
closely resemble that coarse crackles in CHF, it is commonly misdiagnosed IPF as CHF.
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A typical method for diagnosing IPF is CT scan since no signs exist in examining chest xrays. CT scan can depict the extent of the fibrosis. Patchy infiltrates are often present at the lungs.
Breathing test. Spirometer can be used for test the lung functionality and Pulse oximetry can be
used for measure oxygen level in the arteries (M. Munakata et al., 1991).

2.2.4 Types of Adventitious Sound
Respiratory sounds refer to the sounds generated by the movement of airflow through the
lungs during inspiration and expiration. These sounds have specific sound characterization such
as frequency and time that can be identified through auscultation of the respiratory sounds. These
include normal breath sounds and adventitious sound. Adventitious sounds refer to noises and
other audible characteristics that are generated along with the breath sounds during inspiration and
expiration. Based on the time duration, adventitious sounds are classified as discontinuous sound
and continuous sound. Discontinuous lung sounds are characterized by their short duration (<100
ms) and continuous lung sounds are characterized by their long duration [>200 ms] and these
sounds may last for the entirety of the breath cycle. The occurrence of different adventitious lung
sounds throughout the breathing cycle may indicates that a patient has a CCD disease (X. Zhang,
2021a)

2.2.4.1 Crackle
Crackles are discontinuous sounds which are heard in a lung field that has fluid in the small
airways. The crackle sounds are short, explosive sounds, heard like bubbling, rattling and clicking
(L. Lynda, 2020). The cause of crackles can be from airflow passing through fluid in air sacs.
Crackles can be further categorized as coarse or fine based on the dominant frequency.
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The fine crackles are fine, short, high pitch sound. They have a short duration (<100 ms)
and high frequency (>330 Hz). It commonly heard in IPF. The coarse crackles typically are coarse,
short and low pitch sound. It has short duration (<100 ms) and lower frequency (<330 Hz). It is
commonly heard in CHF (X, Zhang, 2021a).

(a)

(b)

(c)

Figure. 2.11. Lung sound with crackle (a) time domain, (b) frequency domain, (c) spectrogram.

Figure 2.11 shows the visualized lung sound with crackles, which were collected by multichannel stethograph system from patient have pneumonia. Figure 6 (a,b,c) shows the lung sound
with crackles in the time domain (time duration <100 ms), frequency domain (prominent frequency
at 300 Hz indicating domination of crackles in the breath) and spectrogram (time duration <100
ms), respectively.

2.2.4.2 Wheeze
Wheezes are continuous adventitious sounds that are heard in a lung field that airflow
passes though obstructed and narrowed airways. The wheeze sounds are long, high pitch sounds,
heard like a whistling sound. They have relatively long duration (> 200 ms) and high frequency
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(>400 Hz). Two of the most common causes of wheeze sounds are asthma, COPD and VCD (X,
Zhang, 2021a).

(a)

(b)

(c)

Figure. 2.12. Lung sound with wheeze (a) time domain, (b) frequency domain, (c)
spectrogram.

Figure 2.12 shows the lung sound with wheeze collected by a multi-channel stethograph
system. Figure 2.12 (a,b,c) shows the lung sound with wheeze in the time domain (time duration
>100 ms), frequency domain (prominent frequency at 400 Hz indicating domination of wheeze in
the breath) and spectrogram (frequency at 400 Hz and time duration >250 ms), respectively.

2.2.4.3 Rhonchi
Rhonchi are continuous adventitious sounds, more prominent on exhalation. Rhonchi
sound can happen when the airflow though narrowed airways when breathing in or out. The
rhonchi sounds are long, low pitch sounds, heard like snoring and rumbling sound. It is very similar
to a wheeze and is characterized by its very low pitch. It has relatively long duration (> 200 ms)
and low frequency (< 250 Hz). Rhonchi sounds are associated with conditions such as asthma and
COPD (X, Zhang, 2021a).
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Figure 2.13 shows the lung sound with rhonchi collected by a multi-channel stethograph
system. Figure 2.13 (a,b,c) shows the lung sound with rhonchi in the time domain (time duration
>250 ms), frequency domain (prominent frequency at 250 Hz indicating domination of wheeze in
the breath) and spectrogram (frequency at 250 Hz and time duration >250 ms), respectively.

(a)

(b)

(c)

Figure. 2.13. Lung sound with rhonchi (a) time domain, (b) frequency domain, (c)
spectrogram.

2.2.4.4 Squawk
Squawks, also called short wheeze, are discontinuous sounds that sound like a quick squeak
sound. A squawk is much shorter in duration when compared to a wheeze and rhonchus. It has a
sinusoidal waveform with a duration between 10 to 100 ms and a frequency between 200 and 800
Hz. It can be heard in some of patients with pneumonia (R. Paciej et al., 2004).
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Squawk

Squawk

Squawk

(a)

(b)

(c)

Figure.2.14 Lung sound with squawk (a) time domain, (b) frequency domain, (c) spectrogram.

Figure 2.14 shows the lung sound with squawk collected by a multi-channel stethograph
system. Figure 2.14 (a,b,c) shows the lung sound with squawk in the time domain (time duration
<100 ms), frequency domain (prominent frequency at 400 Hz indicating domination of squawk in
the breath) and spectrogram (frequency at 400 Hz and time duration <100 ms), respectively.

2.2.5 Digital Signal Processing based Detection Technique
Digital signal processing (DSP) is the process of analyzing or computationally modifying
a signal to optimize, enhance or perform pattern detection and recognition. DSP involves applying
various mathematical algorithms to filter, amplify, transform, measure or otherwise process
periodically sampled, digitized signals. The digital signals collected from sound signals are
processed in this manner as a sequence of numbers that can be represent in the time and frequency
domain (Techopedia, 2013).
One of the main applications of DSP is audio and speech processing, digital signals
processed in this manner are a periodic sequence of numbers that represent samples of a continuous
variable in a domain such as time, but may also have space or frequency dependences. Algorithm
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such as spectral density estimation, statistical signal processing and estimation, data compression,
video coding, audio coding have been used for analyzing or modifying the audio/speech (P.R.
Cappello, 1981; X. Zhang, 2018a; J. I. Rodriguez-Labra et al, 2021).
The application of DSP technique to signal processing allows for many advantages over
analog processing, it offer high accuracy, less expensive components, various interface types, easy
reproduction, simple data storage for recording and near universal compatibility (ecstuff4u, 2018).
Detection systems and processing of adventitious sound such as crackles, wheeze and rhonchi have
been previously developed. However with advanced in signal processing methods, repeated review
can be performed and improvements in performance are possible.
Crackle occurs when patients have Pneumonia and CHF, detection of the crackle may
provide a great help in diagnosing Pneumonia and CHF. Detection of crackles from lung audios
using DSP technique were well discussed in some recent publications. Researchers are focused on
the analysis of the signal in the time domain, by applying criteria such as threshold on amplitude,
time duration and zero-crossings (A. Vyshedskiyet et al., 2009).
Typically, wheeze was generated during inhalation and exhalation when patients have
COPD. Researchers have developed algorithms to detected wheeze using time-frequency analysis
since the time and frequency can be used simultaneously to perform detection. These works often
use database repositories consisting of processed and filtered audio sets with a high signal to noise
ratio and strong adventitious sounds, so that the reported algorithms are not feasible for processing
raw lung audio in a real-time environment. In addition, these audio sets do not reflect the
microphone placement and the information may not be identical from the audio collected in a
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patient measurement in real time recording using these algorithms. Furthermore, these algorithms
have limited functionality (I. Mazić et al., 2015; B. K. Brew et al., 2019).
Similar to wheeze, rhonchi were generated during inhalation and exhalation when patients
have Asthma. Researchers have developed algorithms to detected rhonchi using time frequency
analysis since the time and frequency can be detect simultaneously. However, these works do not
provide any information on the timing of each breathing phase (inhalation and exhalation), which
is crucial in the identification of the timing of adventitious sound (H. Melbye, et al., 2014).
The development of DSP based algorithms for detection of squawk were not discovered
yet. However, it is necessary for detection of squawk since the it may improve the accuracy of the
diagnosis of pneumonia.

2.3 Sensory System
2.3.1 Natural Sensory System
A natural sensory system is a part of the nervous system responsible for processing sensory
information. The system consists of sensory receptors, neural pathways, and parts of the brain
involved in sensory perception. Commonly recognized sensory systems for human are touch, sight,
hearing, smell and taste (Fig.2.15 (a)). Natural sensing systems sense from the physical world to
the realm of the mind where our mental abilities help us understand and perceive the world around
us (J. Krantz, 2013).
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2.3.2 Artificial Sensory System
An artificial sensory system includes a sensor and its assorted circuit hardware (analog or
digital) with the signal processing processor (Fig. 2.15 (b)). For artificial sensing, the rise of
artificial intelligence is unlocking a wave of new sensor applications and driving market demand
for intelligent sensing - the ability to extract information from sensor data (Lux Research, 2019).
Artificial intelligence is the simulation of human intelligence processes by hardware, especially
microprocessor/PC systems. Specific applications of artificial intelligence include expert systems,
natural language processing, speech recognition, machine learning and machine vision. It guides
innovation and investment in this fast-evolving market,

(b)

(a)
Figure. 2.15. (a) Human sensing system, (b) robot sensing system
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2.3.2.1 Health Sensory System
Health sensing systems provide vital insight into the state of a human body by monitoring
a variety of human activities. They can use multiple sensors of various types using various sensors
to providing real-time or post-real-time health condition information. These sensors' signals, such
as heart rate, respiratory rate, body temperature, glucose level, blood pressure and oxygen level
are directly linked to personal health conditions (Y. Liu, 2018). Nowadays, health sensory systems
such as the digital stethoscope, electronic sphygmomanometer, pulse oximetry, electrocardiogram
(ECG) system, glucometer, and Photoplethysmography (PPG) systems have made it possible to
accurately acquire health signals such as to heart rate, blood pressure, lung condition, oxygen level
and blood flow, which aid in the diagnosis of disease and the selection of appropriate medical
measures (C. S. Kosack, 2017).

2.3.2.2 Structure Sensory System
Structural monitoring systems provide valuable insight into the condition of a structure, it
enables engineers to make correct decisions regarding repair and maintenance, and provide critical
information on the safety of a structure’s inhabitants. (R. A. Swartz, 2009). Advantage of sensory
system have brought intelligent monitoring systems for civil infrastructure. (S. Sony, 2019). Civil
structures like bridges, buildings and pipelines have required the installation of either contact or
non-contact sensory to monitor the health of the structure. Contact-based sensing methods involve
the use of sensory system that are directly attached to the structure to measure real-time responses
such as acceleration and displacement. Those contact sensory systems generally include sensors
such as an accelerometers, pressure sensors, strain gauges, fiber optic sensors, and temperature
sensors. Compared with contacting sensory systems, non-contact sensory systems are relatively
new techniques and overcome the challenges of contact sensory system. There are multiple type
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of sensory systems, such as ground penetrating radar, cameras, electro-magnetic acoustic
transducers, and ultrasonic transducers have been developed for non-contact sensing (S. Sony,
2019).

2.4 Printed Electronics
2.4.1 Definition of Printed Electronics
Printed electronics is a set of printing methods used to create electrical devices on various
substrates (M. Z. Atashbar et al., 2005). Printing typically uses printers such as inkjet printers,
screen printers, gravure printers and aerosol jet printers (M. Z. Atashbar et al., 2006; A. K. Bose,
et al, 2019; A. S. G. et al., 2011; A. A. Chlaihawi et al., 2016). Compared to electronic industry
standards such as micro-electromechanical system (MEMS), printed electronics are low-cost
processes (A. Bose, et al., 2020; X. Zhang et. al., 2018b). Electrically functional inks are deposited
on the substrate, creating electrically functional active or passive devices, such as sensors,
conductive circuits, resistors, capacitors, and antennae. Currently in industry, sensors are normally
manufactured using conventional MEMS processes, which are often expensive and fabricated on
rigid substrates (S. Masihi et al., 2020a). As a result, none of the conventional sensing systems
offer the high flexibility and conformability, required for various sensing applications. However,
printed electronics is a roll-to-roll process, which is expected to facilitate widespread, low-cost
and may overcome the drawbacks associated with conventional sensing systems (X. Zhang, et al.,
2020b; S. Masihi et al., 2020b; A. Bose, et al., 2020a; S. Hajian, et al., 2019). The successful
implementation of the printed electronics technology could lay the foundation for a variety of
sensors (S. Emamian et al., 2016; N. Ghafouri et al., 2008; E.E. Aktakka et al., 2008; A.A.
Chlaihawi et al, 2017; B. B. Narakathu et al., 2015).
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2.4.2 Type of Printing Process
2.4.2.1 Gravure Printing

(a)

(b)
Figure. 2.16. Schematic of (a) gravure cylinder, (b) gravure plate

32

Gravure printing is a photomechanical or electromechanical intaglio process which is
known for its high speed, high quality printing, use of inks and roll to roll processes (S. Emamian
et al., 2015). The gravure printer is comprised of an engraved gravure cylinder/plate, doctor blade,
and impression roller. The structure of a gravure printer is shown in Fig. 2.16. The surface of the
gravure cylinder or plate has laser or electromechanically engraved microcells, which are filled
with ink and transfer it onto the substrate. The extra ink on the surface of the engraved cylinder or
plate is wiped off by the doctor blade. An impression roller is used for adjusting the pressure
between substrate and engraved cells to create a uniform ink transfer. Gravure inks are compatible
with a wide range of ink viscosities and ink particle sizes that are used for printing onto any
substrate. Gravure printing is one of common printing techniques and has been used for printing
devices such as conductive fiber, sensors, OLEDs and batteries (X. Zhang et al., 2020).

2.4.2.2 Screen Printing
Screen printing is a printing technique where a substrate is not in direct contact with a
screen mask (Fig.2.17). The screen printer consists of squeegee, screen, screen frame and plate.
Generally, the squeegee is made of rubber or silicone material, which normally resists most of the
solvents (X. Zhang et al., 2020c). The screen frame made is from steel and the screen consists of
fabric and stencil. The materials used for the squeegee, screen fabric and stencil depend upon the
ink solvents and cleaning agents (X. Zhang et al., 2021a). The advantage of screen-printing is the
flexibility of the screen printable ink. The ink can be formed of liquid ink or paste and screen
printing can use high viscosity inks with 10–100 times viscosities when compared to gravure
printing or spin coating (X. Zhang et al., 2020c). The squeegee is used to apply pressure on top of
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the screen and push the ink from one side of the screen to the other side of the screen. The ink
passes through the screen due to gravity and squeegee pressure and is transferred onto the substrate.
Other advantages of screen printing process include large-scale mass production, low cost
fabrication, multiple layer capability, which provide potential ability for large production of
electronic devices (D. Maddipatla et al., 2019; D. Maddipatla et al., 2020).

Figure. 2.17. Schematic of screen printer

2.4.2.3 Inkjet Printing
Inkjet printing is digital printing using non-impact printing (NIP) technology. It can be
used to create complex designs with high precision, high resolution and low cost without the need
of photolithographic masks (A. Eshkeiti et al., 2012). It takes digital images from drawing software
on a computer such as AutoCAD, Photo Editor and SolidWorks and transfers them onto a flexible
substrate using ink drops and the nozzle without impact contact. There are two working modes on
inkjet printing: drop-on-demand inkjet and continuous inkjet (B. B. Narakathu, et al., 2015).

34

The working principle of a continuous inkjet printing system is based on electric field and
charged ink drops. The electrically charged ink droplets are pumped through a nozzle and then
directed to the desired location of the substrate by an electric field (Fig.2.18). The continuous inkjet
printing systems can be divided into binary deflection and multi-deflection systems. In binary
deflection, the ink drop has two states: charged drop or uncharged drop, whereas multi-deflection
systems can vary charges of the ink drops (S. Lim et al., 2013; D. Maddipatla et al, 2019a).
The drop-on-demand (DOD) inkjet printing systems control the ink drops transferred to
substrate from the nozzle only when required. DOD inkjet printing systems employ two techniques
of operation: thermal and piezoelectric (S. Lim et al., 2013). In thermal inkjet system, the vapor

Figure. 2.18. Schematic of Inkjet printer
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bubble that is created by heating the ink, is used to push the ink drop out of the nozzle and transfer
to the substrate. In the piezoelectric inkjet printing systems, electric fields are used to vibrate the
piezoelectric crystal, which is located at the back of the ink supply, when the crystal vibrates
inward, the pressure of the crystal forces a small amount of ink out of the nozzle (A. Eshkeiti et
al., 2012).

2.4.2.4 Aerosol Jet Printing
The Aerosol Jet process is a print process that uses aerodynamic focusing to precisely and
accurately deposit inks onto substrates (Fig. 2.19). The ink is placed into an ink jar, an ultrasonic
atomizer creates a dense mist of material (< 5 um) in the ink jar. The aerosol mist is then delivered
to the deposition head through delivery tube by a sheath gas. Then the aerosol mist travels from

Figure. 2.19. Schematic of Aerosol Jet printer
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the nozzle of the deposition header to the substrate through sheath gas. The functional ink for
Aerosol Jet printing is limited to maximum viscosity of 1 pascal-second (Aerosol Jet Technology,
2021). The Aerosol Jet printing supports a wide variety of substrates such as plastics, ceramics and
polymers. The advantage of the Aerosol Jet printing is it enables printing of interconnects on 3D
substrates when compared to gravure printing or screen printing, which only can print on 2D
substrate. Also, compare with 3D printers, Aerosol Jet can print conformal interconnects on 3D
surfaces with high resolution and smooth surface finish when compare with normal 3D printers.

2.4.3 Challenges in Printed Electronics
The benefits of the printed electronics include low cost, light weight, easy for produce,
easy to integrate, which can revolutionize the electronics industry (V. Palaniappan, et al., 2020a;
S. Masihi, et al., 2019b; X. Zhang et al., 2020d; V. Bliznyuk et al., 2006). However, like any of
technology, Printed electronics faces several challenges, which are needed to be addressed for
future PE applications. The main challenge of printed electronics in industry, when compared to
the current MEMS technology, is to achieve nanoscale production with acceptable quality. Printed
electronics are in microscale manufacturing processes, whereas the electronic industry mainly
requires nanoscale technology. Other printed electronics issues of may include: (a) simple
functionality, (b) low power, (c) low component count, (d) attaining admissible yield, (f) short life
cycle (D. Maddipatla et al., 2015; V. Palaniappan, et al., 2019; V. Palaniappan, et al., 2020b; D.
He et al., 2021, B. Liu et al., 2021; M. Joyce et al., 2014; V. S. Turkani).
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2.5 Printed Sensors
Generally, a sensor is a device, module or machine that detects events or changes in its
surroundings and transmits the output information to an electronic readout system (X. Zhang et
al., 2021c; S. Ahmadi et al., 2021; A. K. Bose et al., 2021a; J.O. Crosby et al., 2021). The specific
event could be heat, light, motion, humidity, or pressure in the environment (A.A. Chlaihawi et
al., 2017; A. K. Bose et al., 2018; D. Maddipatla et al., 2018; D. Maddipatla et al., 2020b; A.A.
Chlaihawi et al., 2016b). The output information is typically a signal that is converted to a digital
signal in the sensor or sent electronically over a network for data logging or further processing (J.
Guerrero-Ibáñez, 2018; S. Emamian et al., 2016b; B. B. Narakathu et al., 2015b).
Traditional sensors have been conventionally fabricated using MEMS based technology on
rigid materials such as silicon, ceramics, and glass. These types of sensors are bulky and fragile,
thereby resulting in sensors that are not conformal enough for flexible platforms. (Casey Cephas,
2020). In addition, this manufacturing process involves the use of complex fabrication steps along
with the use of relatively expensive facilities (X. Zhang et al., 2018b). The drawbacks associated
with conventional sensors can be overcome by using additive print manufacturing processes such
as screen and gravure printing, which enable the fabrication of electronic devices on flexible
platforms with roll-to-roll processing capabilities (X. Zhang et al, 2019a).
Printed sensors are typically made by traditional printers that deposit functional inks
directly onto a substrate such as polyethylene terephthalate (PET), polyimide (PI), paper, and
copper foil (M. Z. Atashbar et al., 2012; A. Eshkeiti et al., 2012; M. Z. Atashbar et al., 2009; M.
Z. Atashbar et al., 2005; B. B. Narakathu et al., 2012; A. S. G. Reddy et al., 2010; M. Yu et al.,
2005; Z. Ramshani et al., 2015; B. B. Narakathu et al., 2013). Printed sensors have multiple
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advantages, including the ability to create smaller sizes, high flexibility, low cost, and roll-to-roll
mass production (S. Emamian et al., 2015; A.A. Chlaihawi et al., 2015a, B. B. Narakathu et al.,
2014). The capability of the printed sensor is ideal for flexible screen, batteries, solar devices,
wearable devices (C. Casey, 2020; A.A. Chlaihawi et al., 2015a; A. Eshkeiti et al, 2014). Based
on different detection modes, various types of printed sensors has been developed such as
mechanical sensor, temperature sensor, humidity sensor, chemical sensor and biosensor.

2.5.1 Types of Printed Sensors
2.5.1.1 Mechanical Sensor
The mechanism of mechanical sensors is based on detecting the deformation of a material
and translating resistance/capacitance change as an electrical signal (D. Maddipatla, et al., 2017b;
M. Z. Atashbar et al., 2014; S. Ali et al., 2019). Mechanical sensors can detect mechanical
deformation such as pressure, strain, flow rate and angular position, then convert into resistance
or capacitance variation (M. M. Ali et al., 2016; A Eshkeiti, 2015). For example, 3D printing
technologies can be used in the fabrication of mechanical sensors elastic sensing layer and screenprinting technology can be used for fabricate sensor electrodes (V. Palaniappan et al., 2021; X.

Figure. 2.20. Capacitive based Pressure sensor (J. Karamdel, 2016)

39

Zhang et al., 2021a; X. Zhang et al., 2021b). Figure 2.20 shows the schematic and working
mechanism of a capacitive pressure sensor as an example of a mechanical sensor by J. Karamdel.
The developed sensor uses a simple mechanical structure to convert the applied pressure to a logic
digital output though the diaphragm deflection.

2.5.1.2 Temperature Sensors
Nowadays, wearable temperature sensors have become important parts in personal and
industrial fields for the body, environment, or faculties temperature sensing. A temperature sensor
fabricated using printing technology can also be used for wearable applications due to excellent
flexibility. Temperature sensors, which typically measure the change in resistance when varying
temperature (D.A. Alsaid et al., 2012; V. S. Turkani et al., 2019). In fabrication processes, screen
printing can be used for printing sensor electrodes and inkjet printing can be used for printing
sensing layers. Figure 2.21 shows a printed and flexible resistance temperature detector (RTD)

Figure. 2.21. Example of RTD fabrication method (A. Vena et al, 2014).
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which cable for measure the surface temperature of equipment and human body. This sensor was
developed by a carbon composed deposited on interchanged electrodes (IDEs) which are on
Polyimide (Kapton) substrates. This RTD was fabricated by depositing silver (Ag) on Kapton ®
polyimide substrate using screen printing processes and MWCNTs/PDMS composite on
Ag/Kapton using inkjet printing process.

2.5.1.3 Humidity Sensors
Humidity sensors are used to measure the water vapor/molecules in the air, which is one
of the most important air quality factors. It is used in various areas of applications such as HVAC
systems, automated systems, food processing and agriculture (V.S. Turkani et al., 2019; S. Hajian
et al., 2019). The transduction techniques of humidity sensors, include optical, gravimetric,
resistive, capacitive and piezoresistive. The majority of the printed sensors are capacitive type or
resistive type (X. Zhang et al., 2019a). Printed resistive and capacitive type humidity sensors
generally contain an interdigitated comb electrodes, which are deposited on a flexible substrate
and a thin film deposit on top of the electrode as sensing layer. Printing techniques such as screen
printing, inkjet printing are used for printing sensing layers and electrodes (X. Zhang et al., 2020).
The working principles for resistive/capacitive humidity sensors is based on resistance/capacitance
variation when the sensor absorbs or evaporates water molecules. Figure 2.22 shows a
resistive/capacitive humidity sensor. Generally, screen printing and gravure printing are used for
print IDEs and gravure printing and inkjet printing processes were used for fabricating the
humidity sensor sensing layer.
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Figure. 2.22 Example of humidity sensor structure.

2.5.1.4 Biosensor
A biosensor is an analytical device that is used for the detection of biomarkers. It is
generally applied in biology research. Biosensors can also be applied in other fields including drug
discovery, food industry, and bio-medical research (B.B. Narakathu et al, 2011; S. Masihi et al.,
2021). The biosensor may have the ability in the detection of RNA, DNA, bacteria, virus,
mycotoxins and enzymes. The printing technique is one of the most promising approaches for the
production of biosensors (B.B. Narakathu et al., 2010). The printed biosensors in biosensing have
multiple advantages, such as higher sensing sensitivity, flexibility, disposability, fine structures,
simple, rapid production, and inexpensive. The mechanism for biosensor is the sensors consist of
a transducer and a biological element such as enzyme, antibody and nucleic acid (M.Z. Atashbar
et al., 2005). The bio-element interacts with the analyte being tested and the biological response
(voltage, current, capacitance and resistance, etc.) is converted into an electrical signal through the
transducer to a measurement device. Figure 2.23 shows an inkjet printed biosensor (Li, Lanlan et
al., 2018). The author reported on a drop on demand inkjet printing process to fabricate the
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biosensors based on nanostructured conductive hydrogel and the sensor can be used to detect
glucose lactate, and triglycerides in real time.

Figure. 2.23. Example of inkjet printed biosensor structure (Li, Lanlan et al., 2018)

2.5.1.5

Chemical Sensors

Chemical sensors are used to detect chemical reaction through several working
mechanisms, which include electrochemical methods (voltage variation, current variation and
resistance variation) and optical methods (direct and reagent-mediated) (M.Z. Atashbar et al.,
2010; M. Ochoa et al., 2018; M. Ochoa, et al., 2020; D. Maddipatla et al., 2016; S. G. R. Avuthu
et al., 2019). Chemical sensors are used in multiple applications, such as medicine, home safety,
automotive, nanotechnology and pollution detection. Printed chemical sensor generally use
electrochemical methods (M.Z. Atashbar et al., 2011; A. K. Bose et al., 2018; S. G. R. Avuthu et
al., 2015; A. Eshkeiti et al., 2011; S. Hajian et al., 2018b; D. Maddipatla et al., 2019b; B. B.
Narakathu et al., 2009; S. Gangadaran et al., 1999; B. B. Narakathu et al., 2011b). Previously,
electro-chemical sensors only consisted of two-electrodes. However, two electrodes have electrochemical stability issue (S.G.R. Avuthu et al., 2016; A. Eshkeiti et al., 2013; D. Maddipatla et al.,
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2018c; S. Krishnamurthy et al., 2005). In order to solve the stability problem, researchers are
introducing three electrode electrochemical sensors. The three electrodes (working electrode
(WE), reference electrode (RE) and counter electrode (CE)) are parallel to each other, separated
by an electrolyte layer which provides ionic electrical contact between all the electrodes. A
reference electrode was used to reduce fluctuations while maintaining a constant sensitivity with
a good linearity. The working electrode serves as the transduction element in the biochemical
reaction, while the counter electrode establishes a connection to the electrolytic solution so that a
current can be applied to the working electrode (D. Maddipatla et al., 2020c; C. J. Cheng et al.,
2011; T. S. Saeed et al., 2019; D. Maddipatla et al., 2018c; S. Hajian et al., 2021; A. J. Hanson et
al., 2021). These electrodes should be both conductive and chemically stable. Therefore, platinum,
gold, carbon (e.g. graphite) and silicon compounds are commonly used. Figure 2.24 shows a
printed electrochemical sensor with three electrodes. The author has developed of low-cost
oxygen and pH sensor on plastic and paper substrates using inkjet printing process (A. Moya et
al., 2017).

Figure. 2.24. Example of inkjet printed chemical sensor structure (A. Moya et al.,
2017).
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2.5.2 Challenges in Printed Sensors
Considering the rapid advances and potential applications of the printed sensors, it has been
made great progress (M.Z. Atashbar et al, 2004a; M.Z. Atashbar et al, 2004b; B.N. Altay et al.,
2021). However, numerous challenges still coexist with the new opportunities, and there is still a
long way to go before they can be widely applied in practice. First, increased efforts should be
devoted to the study of the characteristics (surface and mechanical property) of the substrates (J.O.
Manyala et al., 2013). Second, the fabrication techniques of the flexible PE electrodes need to be
further strengthened (D. Alsaid et al., 2012; J. Crosby et al., 2021; H. R. K. M. Emani et al., 2021;
A. K. Bose et al., 2021b). Third, the novel sensing materials for printed sensors need to be
explored, With the emergence of novel materials, the sensing performance of the printed sensors
are expected to be further improved (J. Manyala et al., 2013; S. Masihi et al., 2021). Finally, the
influence of mechanical flexibility on the flexible printed sensors needs to be reduced since the
current performance of the flexible sensors is easily affected by mechanical flexibility.

2.6 Summary
In this chapter, the author provided a comprehensive literature review that includes a
detailed introduction of cardiovascular and cardiopulmonary diseases (CCDs), sensory system,
printed electronics as well as printed sensors. A discussion covering the science, concepts behind
the definition and diagnosis of CCDs. Further, an overview of sensory system, with a brief
introduction was presented. In addition, an explanation of printed electronics, starting with a brief
introduction to printing technologies, a relatively new method of fabricating electronic devices, as
well as the need for implementing this manufacturing technique, some of the challenges associates
with PE and the different types of printing. Lastly, .a dissuasion of printed sensors was presented.
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This discussion included explanation of basic concepts behind the workings of sensors,
classification of sensors, where each type is explained with an example followed by some of the
important sensor characteristics
The following chapters discuss three projects that involved the development of multichannel stethograph, development of DSP based algorithm for adventitious sound detection and
development of printed flexible humidity sensor. The author presents the design, testing and results
obtained.
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CHAPTER 3
Development of a Novel Wireless Multi-Channel Stethograph
System for Monitoring Cardiovascular and Cardiopulmonary
Diseases

3.1. Introduction
Cardiovascular and cardiopulmonary diseases (CCD) such as pneumonia, COPD (chronic
obstructive pulmonary disease), and CHF (congestive heart failure) is prevalent in the US (COPD,
2015). According to American Thoracic Society, pneumonia is considered the world’s leading
cause of death (880,000 deaths were estimated in 2016) among children under the age of 5. In the
United States alone, more than 55,000 die from this disease, with about 1 million adults seeking
hospital care each year. Chronic lower respiratory disease, primarily COPD, is the fourth leading
cause of death in the United States with 140,000 death each year (1 death every 4 minutes!).
Almost 15 million Americans were diagnosed with COPD. In addition to Pneumonia and COPD,
CHF is also a serious problem with ≈550,000 new cases being reported in the U.S. each year.
Currently, 5 million people are diagnosed with CHF in the United States, and 287,000 deaths were
reported to be linked to heart failures in a year (Heart Failure Statistics, 2020).
CCDs are mainly diagnosed by chest X-ray, CT scan, and blood test (B. Hasse et al. 2020).
However, some of these methods are not considered safe for multiple/repetitive tests (do not
support continuous diagnosing of patients) due to the radiation exposure. Some are invasive and
are associated with high costs. Typically, when breathing, a patient with pneumonia exhibits
crackles sound, and abnormal respiratory rate, a patient with COPD has rhonchi and wheeze
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sounds. CHF causes crackle sound and abnormal heart rate in the patient (A. Vyshedskiy et al.,
2005). To diagnose the CCD diseases efficiently in a simple way is to observe and identify these
adventitious sounds, heart and respiratory rates in the heart, lung, and trachea (HLT) sounds.
Stethoscopes are validated as a non-invasive and low-cost tool to perform the preliminary
diagnosis on CCD (P. Leijdekkers et al,. 2006). Stethoscopes are often considered as a symbol of
healthcare professionals and have been used since 1816 to obtain acoustic information from the
chest, that is helpful in the diagnosis of pulmonary conditions (R. L. Murphy et al., 1977;
R. Loudon et al., 1977). In recent years, advancements in electronics and computerized methods
have provided the potential to obtain this information more objectively with greater precision
which in turn may aid in diagnosis and monitoring of various CCD more accurately and efficiently.
In the past, the heart and lung sounds were detected by placing the ear to the chest.
However, with the invention of the stethoscope by Laennec (R. Loudon et al., 1977), several
categories of HLT sounds could be easily detected and classified. Laennec’s systematic and
thorough clinical pathologic correlation of these sounds was a remarkable achievement and
revolutionized the practice of medicine by “altering both the physician’s perception of disease and
their relation to the patient” (R. Loudon et al, 1984). In particular, the stethoscope drew the
physician into the private world in which signs (abnormalities in the HLT sounds) were directly
communicated to the physician from the patient’s body. Nevertheless, clinicians regularly listen
to HLT sounds, especially lung sound, using a stethoscope and this process is subject to a variety
of limitations. These include observer variability (human ear is not sensitive to the low frequency
band) (P. Leijdekkers et al., 2006), inadequate understanding of the basic mechanisms of
production of the sounds, and the lack of adequate studies of clinical and physiologic correlations
of the sounds themselves (R. Loudon et al, 1984).
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To address these problems, many researchers are focusing on developing the computerized
lung and heart sound recording systems that can aid in monitoring of various CCDs (N. Sahgal,
2011; C. Villalobos et al., 2011; G. Karacocuk et al, 2019). For example, E. Messner et al.,
developed a robust multichannel lung sound recording device by using a commercially available
pre-amplifier device “SM Pro Audio EP84 8-channel microphone” with the integrated ADAT
interface that is commonly used for computer audio systems, stand-alone hard disk recorders,
analog or digital workstations (S, Chung et al., 2019). This pre-amplification device does not
facilitate wireless data communication/transmission and provides basic per channel manual control
over signal to noise ratio (SNR) or gain of the input signal, thus limiting the signal processing
options for improving the quality of the acquired lung sounds. Similarly, S. G. Wong has
developed a multi-channel computerized heart sound recording apparatus that uses a commercially
available signal conditioning device (Maxim’s MAX9812HEXT+T), which is a fixed-gain
microphone amplifier with no control over the gain (S. G. Wong, 2014). The stethoscopes used in
these recording devices suffer from cross talk problems due to the lack of isolation circuits in the
signal conditioning board and electromagnetic interference (EMI) shielding. G. Karacocuk et al.
developed a wireless detection system using two separate MPU-9250 PCBs, which were connected
via Bluetooth. However, the system did not cover the entire area of the lungs and, therefore, was
not capable of recording all the sounds (G. Karacocuk et al., 2019). Further, even though the
communication was wireless, the Bluetooth connections suffer from narrow bandwidth, faster
signal attenuation, and low transmission distance (G. Karacocuk et al., 2019).
Most of the CCD diseases have abnormalities in the heart (rapid heartbeat rate), lung
(crackles, rhonchi and wheeze sounds), as well as respiratory systems (rapid respiration rate), and
the symptoms can only be identified precisely and efficiently by recording the HLT sounds
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simultaneously (R. La et al., 2003; N. Ambrosino et al., 1994). In addition, multiple sensors are
required to cover the maximum area of the lungs for identifying the exact location of an abnormal
sound or event such as mother crackle in Pneumonia and CHF or mother wheeze in COPD and
Asthma (A. Malinovschi et al., 2013; A. H. Bahrainwala et al., 2001; M. S. Figueroa et al., 2006).
However, there are no devices available currently that can detect the HLT sounds simultaneously
and covers the maximum area of the lungs. The commercially available stethoscopes have a single
channel with one acoustic sensor for recording the sound and do not have the capability of multilocation measurement simultaneously, which is difficult for doctors/physicians to find out the
original location of the disease with these devices. Researchers have been focusing on the
development of different robust sound recording systems with multi-channel acoustic sensors such
as 4 channel and 8 channel that can aid in monitoring various cardiopulmonary diseases (N. Sahgal,
2011; C. Villalobos et al., 2011; I. M. Ariful et al, 2018; G. Karacocuk et al, 2019). However, the
accuracy, reliability, and function of those preliminary (initial) systems are still in progress and
currently not reaching the standards of commercialization. To overcome these limitations, a
computerized multi-channel HLT sound recording system is required and this has led to the
research on the development of a robust computerized wireless system to record HLT sounds noninvasively for diagnosing various CCD.
In this work, a multi-channel stethograph system with a custom-built signal conditioning
unit and Wi-Fi communication capability was developed for more advanced diagnosis, and
monitoring of HLT sounds simultaneously and non-invasively with high precision. The wireless
data recording capability enables high portability and provides real time monitoring of data
remotely and significantly benefits developing and under developed countries where the patients
are located in a hard-to-reach areas where a physician or doctor may not be available. The
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fabrication details and the simultaneous detection capability of the multi-channel stethograph
system is demonstrated.

3.2. Experimental
3.2.1 Materials and Components
A 1" thick high-density memory foam pad was purchased from Foam N’ More Inc., Detroit,
MI. Microphones (CMC-5044PF-A CUI) from Mouser Electronics were used for the stethoscopes
fabrication. Black Delrin® acetal resin rod from McMASTER-CARR® was used for fabricating
the microphone cases. A Littmann L40022 diaphragm was purchased from 3M Co., USA. A

Figure. 3.1. Schematic of the multi-channel stethograph system.
custom PCB was fabricated at Safari Circuits Inc, USA. A shielded 4-conductor 32 AWG cable
(30-00218), 44 position D-sub connector (1757823-9), 25 position two-piece backshell (970-025030R121), insertion and extraction tool (91067-1), hand crimper tool (PA1460), and 44 position
D-Sub cable assembly (CS-DSDHD44MF0-002.5) were used to connect the wires from
microphone to PCB and were purchased from DigiKey, USA. And a 37 position D-Sub cable
assembly (2302191) from DigiKey was used to connect the PCB to DAQ. A data acquisition
system (NI 9205) and wireless chassis (NI 9191) were purchased from National Instruments.
Devices.
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Table 3.1. The specifications of the multi-channel stethograph system.
Specification of the Stethogaph System
Supply Voltage

9V

Sampling Rate

8,000 Hz

Operating Frequency

50 ~ 1,600 Hz

Output Amplitude

0.1 Vpk-pk to 10 Vpk-pk

3.2.2 Development of Multi-Channel Stethograph System
The multi-channel stethograph system consists of a high-density memory foam pad
embedded with acoustic sensors, a custom designed and fabricated 16-channel signal conditioning
board, data acquisition device with Wi-Fi chassis, and a Wi-Fi enabled device such as PC or tablet
with LabVIEW program. The schematic of the system is shown in Fig. 3.1. In brief, the HLT audio
will be acquired from the 16 acoustic sensors and then filtered and amplified using a custom-built
signal conditioning board. Following this, the amplified audio signals will be wirelessly
transmitted using a National Instruments (NI) 9205 data acquisition device (DAQ) along with a
NI 9191 wireless chassis to a Wi-Fi enabled device (PC/Tablet). A custom-built LabVIEW
program will be used for real-time plotting of the sound waveforms and recording the data. A
MATLAB program will be used to convert the recorded data into 16 audio files and further analysis
the data especially heartbeat and respiration rate detection. The specifications of the multi-channel
stethograph system are shown in Table 3.1.
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3.2.2.1 Fabrication of Custom Designed Acoustic Sensor
Initially the microphones were soldered to cables. A CNC machined cylindrical shaped
Delrin® material with height 0.5” and radius of ~0.9” which matches the size of 3M Littmann
diaphragm was used as casings to hold the condenser sensor. Microphones were embedded in the
Delrin® casings by applying water proof and airtight transparent premium silicone glue on the
soldered end of the microphone and by attaching an O-ring washer (5 mm ID, 8 mm OD, 1.5 mm
cross section) to the other end of the microphone. The O-ring washer avoids the flow of glue from
one end of the casing to the other end and holds the microphone. Once the glue is dried/cured
(approximately 3 hours), the casings were covered with the Littmann diaphragm. The fabricated
acoustic sensors are shown in Fig. 3.2.

3.2.2.2 Memory Foam Pad Assembly with Acoustic Sensors
A high-density memory foam pad of 5.3 lbs./ft3 with indentation force deflection (IFD) of
9-10 lbs./50s in3 was chosen since it provides better compression rates with longer life compared
to medium and low-density memory foams. The foam pad assembly consists of top and bottom
foam pad layers as shown in Fig. 3.2(e). 40 mm holes were punched out in the top memory foam
pad layer and the acoustic sensors were embedded into the holes. The acoustic sensors were one
each for trachea and heart location, to record the HLT audio efficiently and effectively (X. Zhang
et al., 2018b; X. Zhang et al., 2018c). Then the bottom memory foam pad layer was attached to
the backside of top foam layer with the help of a spray adhesive from Loctite®. The photograph of
the foam pad with acoustic sensors is shown in Fig. 3.2(f). The foam pad provides relatively better
contact with patient’s chest wall as well as comfort to the patient by conforming to the patient's
body contour when lying/leaning on the pad and provides acoustic isolation between the sensors.
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Among the 16 acoustic sensors, 14 were positioned in the memory foam pad and 2 were
placed directly on the heart and trachea to acquire sounds simultaneously from the lungs, heart and
trachea. 14 sensors can cover the maximum area of the lungs and record sounds at different
locations of lungs simultaneously. With multi-channel sensors, mother adventitious sound and its
location can be determined based on the amplitude of all adventitious sounds in the audio in the
time domain. The concept of an adventitious sound (crackle, rhonchi and wheeze) family was first
introduced and validated by Vyshedskiy et al (A. Vyshedskiy et al., 2005). The origin location of
adventitious sound with highest sound amplitude is called the mother adventitious sound, and the
corresponding deflections at other locations are called daughter adventitious sounds. However,
without multi-channel sensors, it is difficult and time consuming to accurately measure the sound
level in different locations using single stethoscope since the sound level may vary in each breath
cycle.

3.2.2.3 Signal Conditioning Unit
Even though the acoustic sensors are meant to detect the sounds from heart (50-200 Hz),
lung (80-1600 Hz) and trachea (100 to 1500 Hz), they are also easily prone to external noise such
as body noises, ambient/background noises as well as cable noises. The electrical signals generated
by the acoustic sensors are very small voltages (<100 mV) and cannot be used directly for further
analysis (P. D. Stein et al., 1981; M. Sarkar et al., 2015). To address these issues, a signal
conditioning circuit was required to filter and reduce the noise level in the electrical signal and
amplify it for further analysis, such as analog-to-digital (A/D) conversion and signal processing.
The signal conditioning circuits implemented in the literature were very simple and did not provide
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(a)

(b)

Top View

Cross-sectional View
(e)

(c)

(d)

(f)

Figure. 3.2. (a) Microphone soldered to cable, (b) CNC machined Delrin® casing, (c) Delrin®
casing with microphone and diaphragm and (d) multiple acoustic sensors. (e) schematic of the
foam pad with acoustic sensors, (f) photograph of the foam pad with acoustic sensors.
the desired filtering and gain characteristics (N. Sahgal, 2011; C. Villalobos et al., 2011; I. M.
Ariful et al, 2018; G. Karacocuk et al, 2019). In addition, these circuits affect the performance of
the acoustic sensors due to the absence of any electrical DC isolation or sensor line isolator ICs.
The schematic of the single channel of the custom-designed signal conditioning circuit is
shown in Fig. 3.3(a). The signal conditioning circuit was designed with a gain of 34 and operating
frequency ranging from 50 Hz to 1600 Hz. Various components such as capacitors, resistors, opamp chip, optocoupler (isolator) chips were used for building cascaded signal processing circuits
consisting of filters, isolator and amplification. In addition, two power supply circuit designs
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Section 1

Section 2
(a)

(b)

Figure. 3.3. (a) The schematic of the single channel on signal conditioning circuit, (b) signal
conditioning board with shield cover, (c) Power circuit_1, (d) Power circuit_2
(power circuit_1 and power circuit_2) were used for generating specific voltages to power the
signal conditioning circuit for Section 1 and Section 2, respectively.

3.2.2.4 Cut-off Frequency and Amplification Gain Calculation
The designed signal conditioning circuit is divided into 6 stages with each stage performing
a particular function. Multiple filtering stages were employed to increase the order of the filter (to
attenuate the noise in the input signal). Stage 1 is a first order high pass filter powered by power
circuit_1 and it includes a passive high pass filter with cut-off frequency of 2.3 Hz (for blocking
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the DC) (Eq. (3.1)) and a non-inverting amplifier (to amplify the input ac signal from acoustic
sensor) with a gain of 6 calculated using Eq. (3.2):
1

Frequency = 2𝜋·𝑅1·𝐶1
𝑅17

Gain = 1+𝑅18

(3.1)

(3.2)

Stage 2 functions as an isolation amplifier (galvanic isolation). Operator safety and signal
quality of the acoustic sensors were ensured with isolated interconnections provided by the IL300
(high common mode rejection (130 dB) and high gain stability (± 0.005 %/°C)). In addition, it
provides a barrier to avoid the generation of ground loops from the two groundings in the signal
conditioning circuit. The isolation amplifier consists of inverting input and output. It amplifies the
signal with a gain of 1.62. The gain was calculated based on the Eq. (3.3), where k2 is the output
forward gain, k1 is the feedback transfer gain (N. Sahgal et al., 2011).
Gain=

𝑘2·(𝑅5+𝑅6)
𝑘1·𝑅20

(3.3)

Stage 3 is a second order active low pass filter with a cut-off frequency of 1600 Hz,
calculated using Eq. (3.4). The signal frequencies (from stage 2) that are greater than 1600 Hz
were considered as the interference sounds and filtered in order to reduce the noise. Stage 3 was
powered by power circuit_2.
Frequency =

1
2`

2𝜋 √𝐶11·𝐶12·𝑅8·𝑅9

(3.4)

Stage 4 is a third-order active high pass filter with a cut-off frequency at 50 Hz, calculated
using Eq. (3.5), and powered by power circuit_2. The signal frequencies from stage 3 that are
lower than 50 Hz were considered as noises and filtered.
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Frequency =

1
3`

2𝜋 √𝐶7·𝐶8·𝐶9·𝑅4·𝑅7·𝑅14

(3.5)

Stage 5 is a non-inverting amplifier and amplifies the signal from stage 4 with a gain of 3.5
(Eq. (3.6)) and was powered by powered by power circuit_2.
𝑅13

Gain = 1+𝑅12

(3.6)

Stage 6 is a first order passive low pass filter with cut-off frequency at 1600 Hz, calculated
using Eq. (3.7), and is powered by powered by power circuit_2.
1

Frequency = 2𝜋·𝑅15·𝐶15

(3.7)

Stage 1, stage 3, stage 4 and stage 6 together function as a band pass filter and an amplifier.
In addition, two separate power distribution circuit developed with specific grounding was used
for supply different input voltage for circuit of each channel (Figure 3.3(b), (c) and (d)).

3.2.2.5 Wireless Data Acquisition
Bluetooth 4.0 and Wi-Fi 802.11 (a, b, g, n) are widely used communication protocols for
wireless data transmission. Even though Bluetooth offers better battery life with lower power
consumption when compared to Wi-Fi, the data throughput, bit rate, and access range are lower
for Bluetooth. In this work, the Wi-Fi based wireless transmission was chosen because the
minimum raw bit rate required is 2.93 Mbps which can be achieved only by Wi-Fi communication
(the HLT data recorded for a time period of 20 s required approximately 7.33 MB which is 0.3665
MB/s. This corresponds to a data transmission rate of 2.93 Mbps and was set as a minimum
required transmission rate). Therefore, a compact and portable DAQ device (National Instruments
(NI) 9205) along with a wireless chassis (NI 9191) was used to acquire the analog signal from the
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signal conditioning circuit, convert to digital signal using in-built-in A/D converter and then
wirelessly transmit the data reliably to a Wi-Fi enabled device such as a PC/tablet. This NI DAQ
provides accurate wireless data transmission of multichannel signals with high transmission rate
and no noticeable cross talk.

3.2.2.6 Custom-built LabVIEW and MATLAB Program

(a)

(b)

(c)

Figure. 3.4. (a) LabVIEW program interface showing the real time sound waveforms, (b)
MATLAB program converted digital data to 16 .WAV audio file format, (c) measurement setup
A custom-built LabVIEW program was developed in the Wi-Fi enabled device (PC and
tablet) to acquire the digital signals from the NI 9191 Wi-Fi module, which were converted and
conditioned from HLT sounds detected by the acoustic sensors. In the LabVIEW program, the
‘DAQ Assistant’ function was used to select the data channels (1-16) and the sample rate, which
was 8 kHz for one channel and 128 kHz for 16 channels. The ‘Waveform Graph’ function was
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used to display the real time waveform signals on the display screen. The ‘Time Target’ function
was used to set the sound recording time of the stethograph system for 20 seconds to cover at least
4 breath cycles (based on a previously reported study by Gurung et al., (A. Gurung et al., 2011).
The ‘Write to Measurement File’ option was used to save the recorded data in a ‘.lvm’ format
database. The real time sound waveform detected by the 16 acoustic sensors was shown
simultaneously on the custom built graphical user interface (GUI) (Fig. 3.4(a)) while the data were
saved in ‘.lvm’ file format.
A MATLAB program was developed to convert the recorded data from LabVIEW program
into 16 audio files of ‘.WAV’ format (for audio playback) (Fig. 3.4(b)) and audio for analyzing
the heart and the lung conditions by visual examination. In addition, another MATLAB program
was developed with algorithms and it has the capability to analyze the acquired data off-line and
provides the information on HLT sounds including heartbeat and respiration rate to a
physician/doctor and serves as an efficient tool in CCD diagnosis and monitoring.

3.2.3 Experiment Setup
Figure 3.4(c) shows the experiment setup of the multi-channel stethograph system. The
data (HLT sounds) was recording at the Center for Advanced Smart Sensors and Structures,
Western Michigan University, USA. All the volunteers (above the age of 18 years) were seated,
and the high density foam pad with 14 acoustic sensors was placed between the chest
(behind/backside of the chest) and the backrest, one acoustic sensor was placed on the heart and
the other sensor was placed on the side of the windpipe or trachea (Fig. 3.4(c)). The duration of
each recording was set to 20 seconds for validating the functionality of the system by measuring
HLT sound. The accuracy of vital sign measurement using the wireless stethograph system was
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validated by verifying the functionality of each component of the system individually as well as a
whole system.
The human subjects internal review board (HSIRB) at Western Michigan University
affirmed that the HSIRB approval is not required for conducting this study since the HLT sound
data were only used to demonstrate the working of the prototype and optimizing the system design.
In addition, all the subjects provided the written informed consent to participate in this study, and
their personal information was not collected.

3.3. Results and Discussion
3.3.1 Characterization of Multi-Channel Stethograph System
3.3.1.1 Characterization of the Signal Conditioning Circuit

(a)

(b)

Figure. 3.5. LTspice simulation results (a) Input signal and (b) output signal.
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(a)

(b)

Figure. 3.6. Experiment results (a) Input signal and (b) output signal.

(a)

Amplitude

(b)

(c)

Figure. 3.7. (a) Amplification gain of signal condition circuit. (b) frequency response of signal
conditioning circuit, (c) output voltages of the 16 acoustic sensors
Initially, to verify the amplification gain, 34, of designed signal conditioning circuit, its
schematic was implemented in Pspice simulation software. A frequency of 1 kHz and a voltage of
0.1 Vpk was provided as input signal to the circuit and an output of 3.4 Vpk was obtained that results
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in a gain of 34. Later, the amplification gain of each channel of the fabricated signal conditioning
board was measured by providing an input signal with a frequency of 1 kHz and a voltage of
0.1 Vpk using R.S.R FS-30 function generator. An average output signal of 3.36 ± 0.07 Vpk with
gain of 33.6 was measured for the 16 channels of conditioning board on TDS5104B digital
phosphor oscilloscope (Fig. 3.5 and Fig. 3.6, Fig. 3.7(a)). This clearly shows that the designed
signal conditioning circuit can provide a constant output signal in all the 16 channels with a desired
amplification gain of ~34. The ground pin of the oscilloscope was removed during measurements
to avoid the generation of ground loops as well as the interference across the isolation barrier.
To characterize the filtering capability (noise reduction) of the fabricated signal
conditioning board, an input signal with frequency ranging from 1 to 4000 Hz was applied to each
channel using an Analog Discovery 2 USB logic analyzer. The output frequency response of the
board was recorded and analyzed using Digilent Adept 2 software. Figure 3.7(b) shows the output
frequency response of one of the channels (channel 1). The input signal with frequencies between
50 Hz to 1600 Hz were passed through the filters and amplified with gain ~34 whereas the
frequency signals outside this range were attenuated (resulting in relatively lower gain).

3.3.1.2 Characterization of DAQ System
The functionality of DAQ system, which includes DAQ device (A/D signal conversion),
Wi-Fi communication (data transmission) and custom-built LabVIEW program (data recording)
was validated by comparing the similarity between the output analog signal of signal conditioning
board and the digital signal data recorded from LabVIEW program. Initially, a signal with the
frequency of 1 kHz and voltage of 0.1 Vpk was applied as input to the signal conditioning board
using the function generator, and the analog output of signal conditioning board was measured and
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recorded using the digital oscilloscope. The analog output of signal conditioning board was then
provided as input to the DAQ device integrated with Wi-Fi module. Following this, the digital
output signal of DAQ device which was transferred to a Wi-Fi enabled PC and recorded by the
LabVIEW program and was compared with the analog output signal of the conditioning board
using the cross-correlation algorithm implemented in MATLAB program. The result shows a
correlation coefficient of 0.96 which indicates that the data acquisition system converts the signals
from signal conditioning board and communicates to PC as intended.

3.3.1.3 Characterization of Acoustic Sensor
The performance of the 16 acoustic sensors was validated by detecting sound signal with
a constant frequency and comparing their output voltage amplitudes that were recorded on
LabVIEW program using MATLAB. Initially, an acoustic sensor (before embedding into foam
pad) connected to the channel 1 of the conditioning board (conditioning board was connected to
DAQ system) was placed in front of a speaker that was playing a constant 1000 Hz audio. The
output voltage of the acoustic sensor was recorded using LabVIEW. Similarly, the output voltages
of the other 15 acoustic sensors were recorded. Average amplitude value of each output voltage
signal of acoustic sensor from LabVIEW was calculated based on peak detection algorithm using
MATLAB. The calculated average amplitude of all 16 sensors was 0.98 ± 0.03 (Fig. 3.7(c)). The
small standard deviation value indicates that the fabricated acoustic sensors have the same
performance.
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3.3.1.4 Comparison with Commercial Electronics Stethoscope
The performance of the multi-channel stethograph (STG) system was investigated by
recording HLT sounds and common sounds from ambient environment and comparing the signal
to noise (SNR) ratios with CliniCloud Digital Stethoscope (FDA approved commercially available
stethoscope) from CliniCloud Inc.

(b)

(a)

Figure.3.8. Heartbeat sound recorded from (a) STG system, (b) CliniCloud Digital
Stethoscope

(a)

(b)

Figure.3.9. Trachea sound recorded from (a) STG system, (b) CliniCloud Digital
Stethoscope

(a)

(b)

Figure.3.10. Lung sound recorded from (a) STG system, (b) CliniCloud Digital
Stethoscope
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20 sets of HLT sounds (20 heartbeat, 20 trachea and 20 lung sound) were recorded from
10 healthy people using one channel (channel #8) of STG system and CliniCloud digital
stethoscope for fair comparison purpose. A MATLAB program was used for plotting the time
waveform of the data collected from the system and CliniCloud digital stethoscope. Figures 3.8,
3.9 and 3.10 show the example of HLT sound of a person measured using the developed stetograph
system and digital stethoscope. It was observed that the waveforms in Fig. 3.8(a), 3.9(a) and
3.10(a) have higher signal amplitude and lower noise when compared to Fig. 3.8(b), 3.9(b) and
3.10(b). The average SNR of heartbeat, trachea and lung sound from 10 persons is 23.6 dB, 24.2
dB and 12.1 dB for STG system, respectively. Similarly, a SNR of 16.7 dB, 23.2 dB and 10.4 dB
was measured for HLT sounds using CliniCloud digital stethoscope (Table 3.2). SNR results
demonstrated that the STG system has better performance in measuring and recording HLT sound
when compared to the commercial device.

(a1)

(a2)

(a3)

(b1)

(b2)

(b3)

Figure.3.11 Crying sound recorded by (a1) STG system, (b1) CliniCloud Digital
Stethoscope. Laughing sound recorded by (a2) STG system, (b2) CliniCloud Digital
Stethoscope. Speaking sound recorded by (a3) STG system, (b3) CliniCloud Digital
Stethoscope.
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The performance of the STG system and digital stethoscope was also evaluated with
background sound sources, which include crying, laughing, and speaking. Initially, an STG
system’s acoustic sensor (channel 8 which is not embedded in foam pad) was placed in the front
of a smartphone speaker that was playing a crying, laughing and speaking sound from YouTube.
The same procedure was repeated with a digital stethoscope. The crying sound recorded by STG
system (Fig. 3.11(a1) and digital stethoscope (Fig. 3.11(b1) has a SNR of 16.5 dB and 30.3 dB,
respectively. The laughing and speaking sounds recorded by STG system (Fig. 3.11(a2,a3)) and
digital stethoscope (Fig. 3.11(b2,b3)) has a SNR of 23.7 dB and 31.1 dB; 12.6 dB and 21.8 dB,
respectively. The result indicated that the STG system has better filtering capability due to the
lower SNR value.
Table 3.2. Signal to noise ratio of STG system and CliniCloud Digital Stethoscope.
HLT Sounds
Sound Type

Ambient Sounds
SNR (dB)
STG

CliniCloud

Heartbeat

23.6

16.7

Trachea

24.2

Lung

12.1

Sound Type

SNR (dB)
STG

CliniCloud

Crying

16.5

30.3

23.2

Laughing

23.7

31.1

10.4

Speaking

12.6

21.8
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3.3.2 Digital Signal Processing of Sound Data
3.3.2.1 Identification of Abnormalities in Lung Sounds (visualization of lung
sounds)
Crackle, rhonchi and wheeze are the most common abnormalities in the CCD (A. Gurung
et al., 2011). The traditional stethoscopes cannot provide information on the frequency and time
distribution of these adventitious sounds but only facilitates the physician/doctor to manually hear
them. Therefore, it is very difficult to accurately identify and distinguish crackles, rhonchi and
wheeze as well as their origin location using the traditional stethoscopes. However, the developed
multi-channel stethograph system was able to find the original location and type of the adventitious
sounds as well as provide a visualization with all the information, including amplitude, frequency,
count and duration of crackles, rhonchi, and wheeze in the time domain, frequency domain and
spectrogram (R. Palaniappan et al., 2013; K, Angela et al., 2018; W. Yan et al., 2016). In order to
demonstrate and validate the capability of the developed system, HLT audio recordings from
verified patients with crackles, rhonchi and wheeze were collected by Stethographics Inc,
Massachusetts, USA.
Crackle is a discontinuous clicking or rattling sound that is common in patients with
pneumonia and congestive heart failure (K, Angela et al., 2018). Crackle exhibits relatively higher
amplitude peaks when compared to rhonchi and wheeze with a time duration less than 50 ms (can
be identified from sounds/audio in time domain) and has a frequency range between 100 Hz to
1600 Hz (can be identified from in spectrogram) (K, Angela et al., 2018). Figure 3.12(a) shows
the crackles in time domain, frequency domain and spectrogram and Fig. 3.12(b) shows the
location of the mother crackle sound collected by the channel 13 of the stethograph system (since
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the location of channel 13 provided highest amplitude and most clear pattern in time domain).

Time domain

Frequency domain

Spectrogram
Highest sound
location (Ch13)

(a)

(b)

10ms

Figure. 3.12. (a) Lung sounds with crackle in time domain, frequency domain and spectrogram, (b)
origin of crackle location, (c) lung sound with crackle in time domain showing the time duration of
crackle.
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Time domain

Frequency domain

Spectrogram
Highest sound
location (Ch15)

(a)

(b)

Figure. 3.13. (a) Lung sound with rhonchi in time domain, frequency domain and spectrogram, and
(b) origin of rhonchi location.
crackles were identified in the time domain of the recorded audio based on the peaks of the
amplitude (approximately -0.6 to +0.6) and time duration of the narrow peaks (~10 ms) (Fig.
3.12(a)(c)). In addition, the frequency distribution of the recorded audio in spectrogram clearly
shows that the range of the frequency were very wide (from ~800 Hz to 1000 Hz, darker yellow
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Time domain

Frequency domain

Spectrogram
Highest sound
location (Ch3)

(a)

(b)

Figure. 3.14. (a) Lung sound with wheeze in time domain, frequency domain and spectrogram, and (b)
origin of wheeze location.
lines). Based on the time domain and spectrogram results, it is clearly evident that the abnormal
sound in the audio is nothing but crackles.
Rhonchi is a low-pitched, continuous sound and can be found in patients with COPD,
bronchiectasis, pneumonia, chronic bronchitis and cystic fibrosis. Rhonchi has a frequency
approximately ≤250 Hz (can be identified in frequency domain and spectrogram) and a time
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duration >250 ms (can be identified in spectrogram) (W. Yan et al., 2016). Figure 3.13(a) shows
the rhonchi in time domain, frequency domain and spectrogram and Fig. 3.13(b) shows the
location of the mother rhonchi sound collected by the channel 15. The Peak/dominant frequency
of the audio was observed at ~150 Hz in the frequency domain and spectrogram. The rhonchi is a
continuous sound and in spectrogram, it is clearly observed that the time duration of the prominent
pattern (darker yellow region) is >1s.
Wheeze is a high-pitched, continuous sound. It is common in several diseases such as
COPD, asthma, lung cancer, congestive heart failure. Wheeze has a frequency approximately equal
or >400 Hz (can be identified in frequency domain and spectrogram) and time duration >250 ms
(can be identified in spectrogram) (R. Palaniappan et al., 2013; K, Angela et al., 2018). Figure 8(a)
shows the wheeze in time domain, frequency domain and spectrogram and Fig. 3.14(b) shows the
location of the mother wheeze sound collected by the channel 3. In the recorded audio from
channel 3, there were wheezes located at different frequencies of 400 Hz and 500 Hz as shown in
the frequency domain. Similarly, these different frequencies of the wheeze were identified in
spectrogram and it was noticed that they were overlapping since they occurred/generated at the
same time. The results clearly demonstrated that the developed system has the capability to identify
and distinguish the abnormal sounds such as crackles, rhonchi and wheeze, and aid the
physician/doctor in better diagnosis of the patient for CCD.
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3.3.2.2 Respiration and Heart Rate Detection Algorithms
In addition to abnormalities in lung sounds, heartbeat rate and respiratory rate are other
important factors required for CCD monitoring and diagnosis. However, it is difficult to observe
or manually identify/measure respiration and heartbeat rate directly from visualized lung sound.
To overcome this problem, two dedicated sensors are used along with digital signal processing

(a)

(b)

Rise Time

Peak

Decay Time

Exhalation

Inhalation
Center Line

Exhalation
Exhalation

Threshold

(c)

(d)
Heartbeat

Heartbeat

Threshold

(f)

(e)

Figure. 3.15. (a) Block diagram of respiration rate detection algorithm, (b) block diagram of heart
rate detection algorithm, (c) trachea sound in time domain, (d) processed trachea sound in time
domain, (e) heart audio in time domain and (f) processed heart audio in time domain.
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(DSP) methods for developing algorithms that can automatically measure respiration (inhalation
and exhalation) and heartbeat rate which further ease physician/doctor in CCD diagnosis.

3.3.2.2.1. Respiration Rate Detection Algorithm
The algorithm for detecting the respiration rate includes three stages consisting of preprocess, signal transformation, and signal analysis (Fig. 3.15(a)). Typically, respiration rates
(inhalation and exhalation) have been detected using lung sound (K. Ohkawa et al., 2018; W. Xie
et al., 2019). However, lung sounds are relatively small and have noise from heartbeat and blood
vessels. Trachea sound is louder when compared to lung sound, contains less noise from the body
and thus provides clear respiration patterns (T. Penzel et al., 2017).
Initially, a pre-process stage was required to ensure that all high-frequency and low
frequency noise artifacts from environment as well as body were eliminated. This was achieved
by employing a bandpass filter (passband of 50 Hz and stopband of 180 Hz) with no time shift in
data processing using a zero-phase digital filtering technique. Since sound is an oscillating signal
with complexed patterns, the parameters of inhalation and exhalation were identified using time
expanded waveform analysis and then the signal transformation was performed by segmentation
and envelope detection techniques to convert the signal in time waveform to a smooth curve
(Fig. 3.15(c)). This was implemented by moving a hamming window with size 100 (at 8000
samples per second) and 50% overlapping at the absolute value of the trachea signal.
The smooth curve of trachea signal was then analyzed by using threshold, zero-cross, peak
detection, and feature extraction techniques (Fig. 3.15(d)). The threshold detection technique was
used for inhalation and exhalation signal extraction. Typically, the amplitude of the recorded sound
signals vary from one human subject to another due to numerous factors such as the size of lungs,
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health condition, age, and gender. Thus, a dynamic threshold for the amplitude was determined
empirically, and the best result occurred at 10% of the mean peak value detected by peak detection
technique was considered as the threshold of the amplitude. Every cycle with magnitude greater
than 10% of the mean peak value of the time waveform was considered to be a breath (can be
either inhalation or exhalation) when the threshold is applied. Then each of the breath patterns
were extracted using zero-crossing method. Finally, the extracted breath patterns are verified by a
set of criteria to improve the accuracy. Respiration rate was mathematically calculated using
Eq. (3.8):
Respiration rate =

𝑁
𝑇

× 60

(3.8)

where N is number of the breaths that were extracted and T is the total duration of the
trachea sound in seconds. The rising time is longer than decay time in inhalation and shorter in
exhalation, and this helps in identifying the inhalation and exhalation patterns in the trachea sound
(J. CASTRO et al., 2014). In addition, a peak detection method was used for determining the
location of the breath peak and in calculating the rise and decay times for identifying inhalation
and exhalation.

3.3.2.2.2. Heartbeat Detection Algorithm
The algorithm for detecting the heart rate from the recorded heart sound in time waveform
was implemented in three stages (pre-process, signal transformation, and signal analysis) and
includes techniques such as hamming window, envelop, peak detection and threshold (Fig.
3.15(b)). Figure 3.15(e) shows the raw data of the heart signal. In pre-process stage, a bandpass
filter (passband of 180 Hz and stopband of 300 Hz) with zero-phase digital filtering technique was
used to filter unwanted sounds such as breath sound and white noise. In the signal transformation
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stage, a smooth curve of heart signal was generated from its absolute value using a moving
Hamming window with size 100 (at 8000 samples per second) and a 50% overlap. Each heartbeat
includes a high and short amplitude peak, and a peak detection technique was used for determining
all the peaks (irrespective of the amplitude of the heart signal). During the signal analysis stage, a
dynamic threshold value was obtained by calculating the average of all the peaks and peaks with
magnitude greater than threshold value was considered to be high peaks. Each high peak represents
one heartbeat (Fig. 9(f)). Also, all the peaks are verified by a set of criteria. In addition, heartbeat
rate can be calculated based on the duration of the heart signal and the number of high
peaks/heartbeats in the signal.

3.3.2.2.3. Evaluation of Algorithms
The overall performance of the developed algorithms have been evaluated based on the 40
sets of HLT sound data collected from 10 healthy people with the multi-channel stethograph
system. From experimental data, three quantitative results were computed: true positive (TP) when
a respiration and heartbeat segment is correctly detected, false negative (FN) when a respiration
and heartbeat segment is not detected, and false positive (FP) when a noise segment is detected as
either a respiration or heartbeat segment. The performance metrics are show in Table III. The
developed algorithm obtained an average sensitivity (SE) of 95% and 92% for the measurement
of respiration and heartbeat rate, respectively (calculated using Eq. (3.9)). High positive predictive
value (PPV(%)) was calculated which indicates that no or low noise was detected as a respiration
or heartbeat (Eq. (3.10)).
𝑇𝑃

𝑆𝐸(%) = 𝑇𝑃+𝐹𝑁 × 100%
𝑇𝑃

𝑃𝑃𝑉(%) = 𝑇𝑃+𝐹𝑃 × 100%
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(3.9)

(3.10)

Therefore, it can be concluded that the developed wireless stethograph system can serve as
an effective and efficient tool to physician or doctor to quantify the abnormalities present in the
HLT sound.
Table 3.3. .Evaluation of respiration and heartbeat rate detection algorithms.
Parameter

Sample

TP

FN

FP

SE
(%)

PPV
(%)

Respiration
Rate

40

38

2

0

95

100

Heartbeat
Rate

40

36

3

1

92

97

3.4. Conclusion
A multi-channel stethograph system was successfully developed to record and plot HLT
sounds non-invasively through a set of 16 acoustic sensors. It has overcome the limitations of
current stethoscope systems and has an advanced signal conditioning board with Wi-Fi
communication functionalities for detecting, conditioning and transmitting HLT sounds
simultaneously. The recorded audio files and plotted waveforms of the HLT sounds demonstrated
the capability of employing the multi-channel stethograph system for visual examination of any
abnormal patterns in inhalation and exhalation thus providing information to physicians that helps
in analyzing the heart and the lung condition and diagnosing CCD. The STG system provides
various benefits including improved quality of care and clinical productivity through faster testing
particularly when X-Rays or CAT scans are to be avoided; increased physician productivity
through the immediate display of results vs X-Ray delays; cost savings from decreased use of XRays, echocardiographs, and other tests; lower risk of misdiagnosis by the visualization of sound
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waves, the automated counting of wheezes, crackles and other sounds and through the use of
reference materials and sound samples. The future work is focused on performing the clinical
studies by coordinating with hospitals and developing the algorithms as well as a graphical user
interface (GUI) to automatically correlate the abnormalities in the HLT sounds to CCDs to further
aid the physician/doctor in better diagnosis.
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CHAPTER 4
Intelligent Detection of Adventitious Sounds Critical in Diagnosing
Cardiovascular and Cardiopulmonary Diseases During
Coronavirus Progression

4.1 Introduction
In the recent years, SARS-CoV-2, a novel coronavirus emerged causing COVID-19
disease. COVID-19 involves a series of acute and atypical respiratory issues that has severe effect
on adults and elder people with underlying medical conditions. The virus is contagious and has
caused worldwide pandemic (Coronavirus disease, 2019a). As of October 11th 2021, around 4.55
million people were dead around the world due to COVID-19 (Coronavirus disease, 2019b) and
the number of death toll continues to rise and a large number of countries have been forced to do
social distancing, wearing masks and impose lockdowns causing economy collapses. Previous
studies has reported that COVID-19, unlike other respiratory illnesses, can cause lasting lung
damage with severe illness, and lack of targeted therapy continues to be a problem. COVID-19
can cause lung complications (cardiopulmonary diseases (CD)) such as pneumonia, chronic
obstructive pulmonary disease (COPD) and asthma that can be detected by identifying the
abnormal lung sounds such as wheeze, rhonchi, squawks and crackles caused by the difficulty in
breathing and abnormal heart rhythms (L. Thomas et al., 2020). CDs are responsible for substantial
health and financial burden in the United States each year (A. D. Lopez et al., 2006). The patients
suffering with CDs further increased due to COVID-19. As per the data from 555 US medical
centers, a total of 192,550 adults hospitalized with COVID-19, and among them 55,593 (28.9%)
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were admitted to ICU. Severe hypoxic respiratory failure requiring mechanical ventilation is the
most common reason COVID-19 patients are admitted to the ICU.
Respiration monitoring has been a critical process in identifying the adventitious sounds
and diagnosing the lung disorders. Continuous respiration monitoring is crucial to understand the
lung condition during COVID-19 progression or the severity of the CDs for patients either in ICU
or regular wards or at-home treatment. However, currently there are no equipment available for
continuous monitoring of lung conditions. Stethoscopes have been used mostly by the physicians
to obtain adventitious sound information and aid in the diagnosis of pulmonary disorders, since
the invention of the stethoscope by Laennec in 1816 (A. Roguin, 2006; G. Satat et al., 2016). The
audio obtained from the stethoscopes play a significant role in providing vital information about
the heart, lungs and trachea (HLT) conditions (M. Klumet et al., 2020; A. D. Andrade et al., 2005;
F. Ponti et al, 2020). But the acoustic information obtained from stethoscopes is often not reliable
due to weak lung sound combined with environmental noise. Moreover, it has been a difficult task
to extract abnormal or disease identifying features from the acoustic information to diagnose CDs
(R. M. Rady et al., 2015). In recent years, electronic auscultation recording of HLT audio, and
analysis of HLT audio after transferring the acquired signal to a computer have been considered
to be reliable, non-invasive and inexpensive techniques to diagnose the lung conditions (D. Van et
al., 2020; A. Kandaswamy et al., 2004). Even though an electronic auscultation recording system
is an efficient tool to aid doctors or physicians in analyzing the HLT sound, it does not have the
capability to automatically identify the characteristic features of the adventitious sounds and still
requires the need for an experienced doctor or physician in the diagnosis and validation of
adventitious sound in the lung. Some of the sophisticated hospitals are equipped with advanced
equipment such as computerized tomography (CT) scan and X-ray machines to diagnose the lung
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condition (F. Ayatollahi et al., 2018; P. Eskandari et al., 2021a, 2021, P. Eskandari et al., 2018b).
However, such equipment exposes the patient to very high dosages of radiation and increases the
risk of developing cancer (M.A. Han et al., 2004). Moreover, due to the COVID-19 pandemic,
there has been a significant gap in the availability of these devices, doctors/physicians, and the
number of patients who require them (G. Steinkamp et al., 2008; H. S. A. Roberts, 2004; A. Araújo,
2017). To cover this gap/disparity, there is a need to develop and employ more accessible at-home
devices using novel technology capable of monitoring the lung condition, which can be extremely
helpful for patients.
Many research works in the literature have used a single digital stethoscope with algorithms
in performing auscultation and interpretation of lung sounds to diagnose CDs. The techniques used
in the development of algorithms generally consist of time domain analysis, frequency domain
analysis and time-frequency analysis. These works often uses database repositories consisting of
processed and filtered audio sets with a high signal to noise ratio and strong adventitious sounds
(C. Chen et al., 2015; A. Kevat et al., 2020; I. Mazić et al., 2015; B. K. Brew et al., 2019; J. De et
al., 2020; C. Jácome et al., 2017; C. Pinho et al., 2015). However, these audio sets do not reflect
the actual lung audio and the reported algorithms are not feasible for processing raw lung audio in
a real-time environment. Also, these algorithms have limited functionality, for example, detection
of only one type of adventitious sound capability (simultaneous multiple adventitious sound
detection study remains unexplored). They also do not provide any information on the timing of
each breathing phase (inhalation and exhalation) which is crucial in the identification of the timing
of adventitious sound. To address this, algorithms developed using signal processing methods were
proposed in the past years to identify breathing phases directly from lung sound recordings (C.
Jácome et al., 2019). However, these methods were heavily dependent on the clarity and amplitude
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of the lung sound, but they are not applicable to subjects with respiratory diseases in real-time
environments, since the breathing patterns are known to change during the presence of respiratory
diseases (R. Rady et al., 2015). In addition, some researchers developed four and eight channel
digital stethoscope systems, however, these systems process the entire data from all the
stethoscopes instead of extracting the required information and discarding the unnecessary data
(G. Altan et al., 2020; Alsmadi et al., 2008). This increases the processing time and complexity of
the algorithm resulting in low efficiency and less accuracy. In addition, the probability of
recording/capturing the mother adventitious sound is less with these systems.
In this work, a MATLAB based auscultation diagnosis algorithm was developed to analyze
and identify the adventitious sounds from the recorded heart, lung and trachea (HLT) audios (16
audios acquired by 16 acoustic sensors) of Multi-Channel Stethograph System. The algorithm
consists of breath pattern detection, candidate audio selection, breath pattern extraction and
adventitious sound detection which is novel when compared to other reported works (G. Altan et
al., 2020; Alsmadi et al., 2008; M. Slam et al., 2018). It was developed using digital signal
processing techniques such as filtering, windowing, enveloping, discrete Fourier transform (DFT)
and thresholds were used for identifying and classifying the inhalation and exhalation patterns in
the lung sound. The algorithm has capability to provide information on the location/origin of the
mother adventitious events and, can identify and distinguish discontinuous adventitious sound
which include wheeze, rhonchi, wheeze & rhonchi and squawk, simultaneously. This algorithm
acquires the adventitious sound information more objectively in an independent (automatic) and
intelligent way and process it with greater accuracy, and provides the status of the lung condition
and assists the doctor/physician in the treatment.
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4.2 Experimental Methods
4.2.1 Classification of Adventitious Sounds
Respiratory sounds can be divided into normal and adventitious/abnormal categories
according to their acoustic properties. Normal sounds include the sounds generated by breathing
in a healthy and properly functioning lungs, airways and trachea. Adventitious sounds are the noise
generated during the respiration of the improper functioning lungs, and it is divided into continuous
and discontinuous adventitious sounds depending on their duration and mechanism (G. Satat et al.,
2016). Continuous adventitious sounds have a time duration >50 ms and further subdivided into
wheeze, rhonchi and squawk, are the common adventitious sounds found in multiple CDs.
Discontinuous adventitious sounds have time duration <50 ms and are divided into fine, medium
and coarse crackles. CDs can be identified by monitoring continuous adventitious sounds from the
HLT of the patients (R. Loudon, et al., 1984). This project focuses on developing and
implementing the algorithm to detect continuous adventitious sounds since the algorithms for
detecting discontinuous adventitious sounds were well developed by previous researchers (N.
Barker et al., 2018; M. H. Brutsche et al., 2006; S. Alsmadi et al., 2008; R. Palaniappan et al.,
2013). In addition, continuous adventitious sounds require both time and frequency domains for
recognizing the patterns (which is difficult and complex), whereas the discontinuous adventitious
sounds require only time domain.
Wheeze is a high-pitched coarse sound that often generated when the air passes through
the inflamed lung airway during the respiration. Wheeze has a time duration >250 ms and
frequency above 300 Hz (N. Barker et al., 2018; M. H. Brutsche et al., 2006; S. Alsmadi et al.,
2008). The most common cause of recurrent wheezing is asthma and COPD (mostly in exhalation)
(N. Barker et al., 2018; M. H. Brutsche et al., 2006). Figure 4.1(a) shows the example of
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spectrogram of the lung sound with wheeze. Rhonchi is a low-pitched rattling sound generated due
to obstruction or secretions in the narrower airways of the lung. Rhonchi has also time duration
>250 ms and frequency between 150 to 250 Hz (N. Sahgal et al., 2011; S. Kamble et al, 2016; G.
Steinkamp et al, 2008). Typically, it appears in the patients with asthma, COPD, bronchiectasis,
pneumonia, chronic bronchitis and cystic fibrosis (N. Sahgal et al., 2011; S. Kamble et al, 2016).
Figure 1(b) shows the example of spectrogram of the lung sound with rhonchi. Squawk is a short
sound which is otherwise called as a short inspiratory wheeze generated when the air passes
through the fluid in the air sacs (Steinkamp et al, 2008). Squawk has a pattern with time duration
50 to 100 ms and a frequency between 200 to 800 Hz, and is commonly associated with pneumonia
and pulmonary fibrosis disorder (Fig. 1(c)) (J. E. Earis et al., 1982).

(a)

(b)

(c)

Figure. 4.1. Spectrograms showing different adventitious sounds: (a) wheeze, (b) rhonchi and,
(c) squawk.

4.2.2 Multi-Channel Stethograph System
A multi-Channel Stethograph System (STG system) was designed and developed as an
electronic auscultation system for recording heart, lung, and trachea (HLT) sounds non-invasively
through a set of 16 acoustic sensors as mentioned in our previous work (Fig. 4.2(a)) (X. Zhang et
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al., 2018b; X. Zhang et al., 2021a). Among the 16 acoustic sensors, 14 were incorporated into a
foam pad to cover the maximum size of the lung (to capture the mother adventitious sound
accurately), and two were placed directly on the heart and trachea, to acquire sounds
simultaneously from the lungs, heart, and trachea. The sounds acquired from the 16 acoustic
sensors will be sent to a custom-designed 16-channel signal conditioning PCB for filtering and
amplification of the 16 acoustic signals. A National Instruments (NI) 9205 data acquisition device
(DAQ) consists of A/D converter as well as digital multiplexer. The DAQ was used to convert the
analog acoustic signals to digital and acquire and transmit the data wirelessly from the 16-channel
PCB to a Wi-Fi enabled device such as a PC/tablet. LabVIEW based software was developed on
the Wi-Fi enabled PC/tablet to record the digital sound signal from the DAQ.

Figure. 4.2 (a) Multi-Channel Stethograph System, (b) algorithm procedure

The foam pad with 14 acoustic sensors will be placed behind the back of patients and the
rest 2 acoustic sensors will be placed directly on the heart and trachea to acquire sounds
simultaneously from the heart and trachea. The HLT sounds of a patient will recorded for a time

85

duration of 20 seconds and the processed signals (from 16 acoustic sensors) will be saved as an
audio set using LabVIEW program on a Wi-Fi enabled device. Therefore, one audio set consists
of 16 HLT audios, where each audio corresponds to 20 seconds sound data with a sampling rate
of 8000.

4.2.3 Auscultation Diagnosis Algorithm
For algorithm development, testing and validation, a total of 440 audio sets of HLT sounds
were recorded from verified patients by Stethographics Inc (Note: each audio set includes 16
audios (14 audio for lung sound, 1 audio for heart sound and 1 audio for trachea sound).
The methodology/workflow for the detection of adventitious sounds that are critical in
diagnosing CCDs is shown in Fig. 4.2(b). The algorithm detects and analyzes continuous
adventitious sounds that include wheeze, rhonchi and squawk in the lung using MATLAB. The
proposed algorithm consists of 4 stages. The first stage is identifying the location of inhalation and
exhalation from trachea audio based on the thresholds and criteria set in the time domain. The next
stage is the candidate audio selection (determining the audio with the highest amplitude calculated
based on the RMS value from 14 lung audios) among the 14 lung audios. In the third stage,
extracting the inhalation and exhalation data from the candidate audio (for the data processing in
the next stage) based on the timing of the inhalation and exhalation in trachea audio and
disregarding the rest of the data in the lung audio for relatively faster and accurate processing of
data when compared to processing of complete lung audio. The last stage is the data processing of
lung audio for identifying/detecting the continuous adventitious sounds. The major technique
employed for the analysis of the lung sound is based on digital signal processing techniques
including finite impulse response (FIR) filter, common filter, DFT, hamming window, rectangular
window, threshold-crossing and peak detection. Also, the other techniques that were used in
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detecting adventitious sounds include linear systems, state-space, multivariate statistics, estimation
theory and nearest neighbor. This methodology employs several of these techniques to detect
wheeze, rhonchi and squawk from the extracted lung audio.

4.3. Result and Discussion

Figure. 4.3. Algorithm procedure for inspiration & expiration detection

4.3.1. Inhalation and Exhalation Detection (Stage 1)
Typically, adventitious sound events only occur during the inhalation and exhalation events
of the lung (N. Sahgal et al., 2011). Thus, the sound data from the events of inhalation and
exhalation are very significant and must be extracted while the rest of the data in the lung audio
are discarded. This data reduction process increases the speed and efficiency of the algorithm in
analyzing and detecting/capturing the essential adventitious sounds. The researchers have been
attempting to identify and extract inhalation and exhalation data only from the lung sounds (G.
Altan et al., 2020; S. Alsmadi et al., 2008). However, lung sound is a low pitch, low amplitude
signal combined with muscle and cardiovascular noises resulting often in low signal-to-noise ratio.
Therefore, detection of the respiration cycle and identifying inhalation and exhalation is very
challenging and in-accurate. In contrast to lung sound, the trachea sound is relatively clear with
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high amplitude (louder) and better SNR since the adventitious sounds originate in the lungs (W.
Xie et al., 2019). This facilitates easy identification of inhalation and exhalation events in the
trachea sound. Since, the recording of lung and trachea sounds occurs simultaneously and for same
duration, the inhalation and exhalation data of the lung sound can be identified and extracted based
on the timing information of the inhalation and exhalation event in the trachea sound. The block
diagram of respiration/breath pattern detection from trachea sound is shown in Fig. 4.3. The
algorithm consists of pre-processing, signal transformation, feature extraction, and classification.
Pre-Processing: The pre-processing of the trachea sound data includes the filtering using
a band-pass Butterworth filter with zero-phase (100 - 600 Hz) to eliminate out of band (noninformative signal) noise without time-shifting.
Signal Transformation: This step aims to create a clear trace of breath pattern to limit
influence of impulse noise and data size. It is implemented by segmentation and envelope
techniques using a moving hamming window (Eq. 4.1 and 4.2) with size 400 (at 8000 samples per
second) and 50% overlapping, applied to the absolute value of the trachea signal. This results in
the conversion of the signal to a smooth curve in time waveform.
𝑥

𝑤(𝑥) = 0.54 − 0.46 cos(2𝜋) 𝑁 , 0 ≤ 𝑥 ≤ 𝑁.
𝑡(𝑛𝑥) =

1
𝑁

∑𝑁−1
𝑖=0 𝑤(𝑥 + 𝑖) ∗ |ℎ(𝑥 + 𝑖)|

(4.1)
(4.2)

where N is the length of the window, w(x) is the coefficients of a Hamming window, h(x)
is the amplitude of trachea sound and t(x) is the amplitude of the signal after transformation.
Feature extraction and classification: The feature detection was described in-detail in our
work (X. Zhang et al., 2021a). In short, the smooth curve of the trachea signal was then analyzed
by using threshold, zero-cross, and peak detection. With respiration estimation, respiration sound
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classification, classification refinement, duration and location of inhalation and exhalation can be
detected.

4.3.2. Candidate Audio Selection (Stage 2)

(b)

(a)

(c)

Figure. 4.4. (a) Location of the acoustic sensor array, (b) Sound transmission through the lung,
(c) time domain sound waveform distribution.

Any adventitious sound event can be detected by the 14 acoustic sensors located on the
chest that covers the maximum area of the lungs. The acoustic sensor close to the origin of the
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adventitious sound will have the highest signal amplitude and is called mother adventitious sound,
which provides information on the location of the infection area/disease. The audio of the
adventitious sound can also be recorded by the other nearby acoustic sensors, however, the
amplitude of the adventitious sound is reduced, depending on the location of the acoustic sensor
from the origin of the adventitious sound. The adventitious sounds with reduced amplitudes
recorded by other acoustic sensors away from the origin are called daughter adventitious sound
(A. Vyshedskiyet et al. 2019). Figure 4.4(a),(b) and (c) shows the location of each acoustic sensor
placed on the body and their corresponding sound waveforms in time domain, respectively. Root
Mean Square (RMS) averaging is applied to the lung sounds for calculating the average amplitude
as it is a useful method when the random variables in the data are negative and positive, especially
for sinusoids. The signal with the highest RMS represents mother adventitious audio signal. Eq.
4.3 shows the calculation of the average energy (E, unit - amplitude):

E=

1 N
( x[t ])2

N 1

(4.3)

where N is the total number of samples, x[t] is the amplitude at time t. Detection of the
mother adventitious/the location of the disease can be identified using the location of the sensor
(that provided signal with highest RMS) placed over the chest (Fig. 4.5(a)). Also, for accuracy and
efficiency purposes, instead of analyzing all the lung audios (14 audios), audio signal with mother
adventitious was selected for detecting the adventitious sound event and is termed as “candidate
audio signal”. Only the candidate audio signal was used for further analysis in this paper.
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4.3.3. Breath Pattern Extraction (Stage 3)
Breath pattern extraction is a pre-processing stage for adventitious sound detection, it is
denoising and reforming the audio signal to enhance the signal quality and data processing
efficiency. In the denoise step, a zero shift digital bandpass filter with cutoff frequencies of 50 Hz
and 800 Hz was used to allow the desired frequency components (between 50 to 800 and filters
the white noise and unwanted signals from the audio (S. Amelia et al., 2020). In the reform step,
the breath pattern (inhalation and exhalation) is identified and extracted from the candidate audio
signal based on the respiration information detected from the trachea sound. The rest of the signal
(other than inhalation and exhalation pattern) is eliminated to improve the accuracy and efficiency
of the system, since the adventitious sounds occurs only during the inhalation and exhalation.
Figure 4.5 shows the example of the inhalation and exhalation signal recognized and extracted
from the candidate audio signal.
Exhalation 1
Inhalation 1

Exhalation 6
Inhalation 6

(a)
Inhalation 1

Exhalation 1 •••

••• •••

••• •••

Inhalation 6

Exhalation 6

(b)

Figure. 4.5 (a) Candidate audio signal and (b) extracted inhalation and exhalation signal.
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4.3.4. Wheeze and Rhonchi Sound Detection (Stage 4)
Wheeze and rhonchi are continuous sounds with similar time duration (in the time domain)
but different frequencies (in the frequency domain). An algorithm (Fig. 4.6) is developed with the
functional characteristics of detecting wheeze and rhonchi based on time duration and dominant
frequency simultaneously using time-frequency waveform (time-frequency representation of the
sound signal). The algorithm consists of signal transformation, feature extraction and classification
of adventitious sound.

Figure. 4.6. Algorithm for Wheeze/Rhonchi detection.

4.3.4.1. Signal Transformation
Signal transformation involves segmentation and DTF of extracted inhalation and
exhalation signals of candidate audio signal, to convert them into time-frequency representation.
A time–frequency representation aids in the analysis of a signal represented over both time and
frequency simultaneously to describe the frequency components of time-varying signals that can
be used for the detection of wheeze and rhonchi. Segmentation is a process that splits high
dimensional vectors of the extracted pattern into several low dimensional vectors (frames) and
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captures their detailed characteristics in terms of time and frequency. This process is implemented
by a narrow (50 ms width) and overlapped (50%) moving Hamming window function (Fig. 4.7).

Figure. 4.7. Waveform segmentation.

DFT was used to convert the segmented frames (in the Hamming window) (Fig. 4.7) in to
frequency domain (Fig. 4.8(a)) (discrete-time data converted to discrete frequency data) using Eq.
4.4. In other words, DFT acquires the frequency content of the segmented frame as it changes over
time and enables visualizing the signal as a 2-D function of time and frequency.
𝑗2𝑘𝑛𝜋/𝑁
𝑋(𝑘 + 1) = ∑𝑁−1
𝑛=0 𝑥(𝑛 + 1)𝑒

(4.4)

where x(n) is a segmented frame and X(k) is a converted signal (frequency domain), k is
representing the frequency domain ordinal, and n is the time domain ordinal, N is the length of the
window (Fig. 4.8(a)). The converted signal (frequency domain) provides useful information such
as frequency, length and strength of a continuous abnormal sound.
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4.3.4.2. Feature Extraction
The feature extraction includes frequency band selection and peak detection to extract
potential information or key characteristics of the wheeze/rhonchi sound in each
inhalation/exhalation signal. In the frequency waveform of one segmented frame (Fig. 4.8(b)), the
frequency axis is split into 3 frequency bands,50 - 150 Hz (Band I), 150 - 250 Hz (Band II) and
300 – 600 Hz (Band III). As specified in the literature, the dominant frequency of rhonchi falls in
the 150 - 250 Hz frequency band, wheeze in the 300 – 600 Hz band, and normal breath (considered
as reference) in 50 – 150 Hz band (W. Xie et a;. 2019). Therefore, different magnitude criteria
(wheeze and rhonchi) can be defined to detect the peaks in the predefined three frequency bands
of the waveform.
Peak detection is a method in digital signal processing to detect the dominant frequency of
the signal in the segmented frame. When the peak (highest amplitude) is identified (Preference (Band
I), Prhonchi (Band II) and Pwheeze (Band III)), it’s dominant frequency is marked as “*” (Fig.4.8) and
this procedure is repeated for each segmented frame to obtain the peaks of all the frames.
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(a)

(b)
Band II
Band III

(c)

(d)

(e)

(f)

Figure.4.8. (a) Frequency waveform of one segmented frame obtained using DFT, (b)
distribution of frequency bands in frequency waveform ,(c) peak group in time-frequency
representation of one respiration cycle (23 segmented frames), and time-frequency
representation of the characteristic audio signal showing the (d) Wheeze and (e) Rhonchi
(f) squawk.
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4.3.4.3. Classification of the Detected Peaks as Wheeze and Rhonchi
A set of criteria is applied to examine the detected peaks in 5 Steps, for detecting the
wheeze and rhonchi characteristics. These main criteria include:
Local maxima: Obtain the amplitude of Preference, Prhonchi and Pwheeze.
Peak coexistence: The amplitude of each of the Pwheeze and Prhonchi should be greater than
the amplitude of Preference and if not, discard the peak that is lower than the Preference. If both the
Pwheeze and Prhonchi are greater than the Preference, then the peak with smaller magnitude (between the
Pwheeze and Prhonchi) should be greater than half of the other (largest) peak, otherwise discard the
smaller magnitude peaks.
Grouping: Peaks from all the segmented frames in the same frequency band are considered
to be part of the same wheeze/rhonchi if the frequency difference between the peaks that belong
to subsequent frames is no more than 50 Hz.
Reforming: Calculate the average frequency of the peaks in one group for wheeze/rhonchi
identification. The peaks group in Band II is considered as potential rhonchi and peaks group in
Band III are considered as potential wheeze.
Time Continuity: The total time duration of each peaks group should be greater than
250 ms. If the time duration of each peaks group is greater than 250 ms in Band II, the person is
confirmed with rhonchi and if it is in Band III, the person is confirmed with wheeze.
These criteria are repeated for each of the inhalation/exhalation signals. Analyzed results
from all of inhalation and exhalation signals will be recombined sequentially to reform the 20s
sound signal in the time-frequency representation. Example of a signal containing wheeze is shown
in Fig. 4.8(d). In Band II, the group gradually formed by peaks with duration greater than 250 ms
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were wheeze. Similarly, Fig. 4.8(e) shows the example of signal containing rhonchi, where the
peaks group duration in Band I were observed as greater than 250 ms.

4.3.5. Squawk Sound Detection (Stage 4)
Squawk is defined as a short continuous adventitious sound, also called a short inspiratory
wheeze. Only inhalation is required for the detection wheeze, since it appears only during
inhalation (hence, called as short inspiratory wheeze). The detection algorithm for squawk follows
the algorithm of wheeze and rhonchi detection. Since the duration of squawk is very short (50 ms
to 100 ms), relatively higher resolution is required in the segmentation stage. Each of segment
frames was further split into 5 sub frames using hamming window with 10 ms duration. After
feature extraction and classification, peak groups with duration from 50 – 100 ms and frequency
band from 200 - 800 Hz are considered as squawks. Figure 4.8(f) shows the pattern of squawk in
time-frequency domain of lung sound (since the time duration is 70 ms and frequency is 280 Hz).

4.4. Discussion
The algorithm is implemented using a MATLAB on a Microsoft® Surface laptop for
evaluating the performance of the developed algorithm to detect wheeze, rhonchi and squawk
events. A total of 440 verified CD audio datasets (from patients with pneumonia, COPD, asthma)
used in this study were recorded by stethographics, Inc. using the stethograph prototype system.
Among 440, a total of 220 sets have wheeze events, 130 sets have Rhonchi events, 20 sets have
both rhonchi and wheeze events and 30 sets have squawk events, and the remaining 40 sets have
normal breath sound (no adventitious sound events). The algorithm developed to detect various
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adventitious sounds was characterized in terms of sensitivity (SE), specificity (SP), and accuracy
(ACC) using Eq.4.5 to 4.7, respectively.
SE (%) =

TP
100
TP + FN

(4.5)

SP(%) =

TN
100
TN + FP

(4.6)

𝑇𝑃+𝑇𝑁

𝐴𝐶𝐶(%) = 𝑇𝑃+𝑇𝑁+𝐹𝑃+𝐹𝑁 × 100

(4.7)

where TN, TP, FN and FP indicate the true negative, true positive, false negative and false
positive values, respectively. TP indicates if a specific adventitious sound event was correctly
detected. FP denotes if a normal respiratory sound event was incorrectly detected as a specific
adventitious sound event. TN provides information on whether a normal respiratory sound event
was correctly detected. FN denotes if a specific adventitious sound event was incorrectly detected
as a normal respiratory sound event. In simple terms, SE represents “the ability of a test to correctly
identify patients with a disease”, SP provides the information on “the ability of a test to correctly
identify people without the disease” and ACC represents “the ability to differentiate the patients
with and without disease correctly” (A. Vyshedskiyet et al., 2009).
Table I shows SE, SP and ACC results for wheeze, rhonchi, wheeze & rhonchi and squawk
to evaluate the robustness of the developed algorithm in detecting the adventitious sound events.
The performance of the wheeze detection has a SE of 96.3%, SP of 100% and an accuracy of
96.9%, since eight samples were not correctly detected out of 220 samples. The algorithm was not
able to detect wheeze from the eight samples since the amplitude of the wheeze was too weak (in
other words, the wheeze has low energy (dB) with dominant breath sound in the frequency
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domain). The performance of the rhonchi detection has a SE of 95.3%, and ACC of 95.3%. Six
samples were not correctly detected out of 130 samples due to weak rhonchi sounds compared to
the breath sounds in the frequency domain. A SP of 95% was calculated since two samples out of
40 sets normal breath sound (no adventitious sound events) was detected with rhonchi due to the
dominant frequency of the breath sound observed at 150 to 250 Hz. The performance of Wheeze
& Rhonchi detection has an accuracy of 96.6% since the amplitude of the wheeze was too weak
when compared to the rhonchi in two samples and therefore only rhonchi has been detected. In 30
sets of HLT sounds with squawk, the algorithm has achieved an accuracy of 100% due to the
strong energy and short duration of the squawk sound.
Table 4.1. Testing result.
No. of

Detected

Samples

Correctly

Wheeze

220

Rhonchi

Type of Lung sounds

SE

SP

ACC

212

96.3%

100%

96.9%

130

124

95.3%

95%

95.3%

Wheeze & Rhonchi

20

18

90%

100%

96.6%

Squawk

30

30

100%

100%

100%

As mentioned in the introduction, there are several reports with algorithms developed for
detecting lung sounds using 1 - 4 acoustic sensors (N. Sahgal, 2011; C. Villalobos et al., 2011; G.
Karacocuk et al, 2019; A. Malinovschi et al., 2013; A. H. Bahrainwala et al., 2001; M. S. Figueroa
et al., 2006). However, often they cannot find the origin of the diseases or the location of mother
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adventitious sounds due to the limited acoustic sensors. In addition, these algorithms do not have
the capability to process the audio signal processing efficiently (lacks identifying and extracting
necessary information and eliminating/discarding the unnecessary data). The advantage of the
developed system and algorithm over existing methods is the capability to detect various
adventitious sounds using 16 acoustic sensors efficiently (this provides relatively accurate
location/origin of the diseases) and intelligently identifies, extracts and characterizes the desired
sounds patterns in the lung audio based on the trachea audio and detect the different adventitious
sounds effectively.

4.5 Conclusion and Future Work
The developed STG system with intelligent algorithms has capability to condition and
transmit HLT sounds simultaneously for detecting various adventitious sounds which are the key
characteristics of various CDs. Also, it is envisioned to improve the quality of health care and
clinical productivity through faster testing and analysis of HLT sounds, particularly when X-Rays
or CT scans are to be avoided. In addition, this system can facilitate at-home diagnosis of various
CCDs during the coronavirus progression and remote consultation. The developed algorithm is
comprehensive, intelligent, accurate and avoids unnecessary complex classification techniques
and models. The algorithm uses frequency and duration of adventitious sound as the critical
parameters to set the required thresholds for detecting various adventitious sounds. It detects the
adventitious sounds with a sensitivity of >90% and a specificity of >95%. This combination of
acoustic sensor system and intelligent algorithm can facilitate easy and continuous diagnosis of
any lung disorders during the COVID pandemic and provides an alert for early treatment, if
needed. Future research is focused on obtaining US Food and Drug Administration (FDA)
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clearance and performing very large-scale clinical tests on patients suffering from CDs with the
help of doctors/physicians to validate and improve the sensitivity, specificity and accuracy of the
developed algorithm, if required, in detecting various adventitious sounds.
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CHAPTER 5
Printed Carbon Nanotubes Based Flexible Resistive Humidity
Sensor

5.1 Introduction
Humidity sensors are types of transducers that can quantify water vapor in an ambient
environment. Humidity sensors are important for a wide variety of applications in the food,
biomedical, heating, ventilation, and air conditioning (HVAC) industries (S. Sikarwar et al., 2015;
Y, You, et al., 2012). Humidity measurement systems have been developed with various types of
transduction techniques, materials and fabrication processes (Z. M. Rittersma et al, 2002; D. K.
Roveti et al., 2001; Z. Imran et al., 2013; P. K. Kannan et al., 2010; V. Bliznyuk et al., 2006).
Humidity sensors have been conventionally fabricated using micro-electromechanical systems
(MEMS) based technology (Z. M. Rittersma et al, 2002; D. K. Roveti et al., 2001). However, this
manufacturing process involves the use of complex fabrication steps along with the use of
relatively expensive facilities (A. S. G. Reddy et al., 2011; M. Ochoa, et al., 2020; M. Z. Atashbar
et al., 2004; M. Z. Atashbar et al., 2006b). Moreover, the humidity sensors are often fabricated on
rigid substrates, thereby resulting in sensors that are not conformal enough for flexible platforms.
The drawbacks associated with the conventional humidity sensors can be overcome by using
additive print manufacturing processes such as screen and gravure printing, which enable the
fabrication of electronic devices on flexible platforms with roll-to-roll processing capabilities (V.
S. Turkani et al., 2018; A. S. G. Reddy et al., 2011b; A. S. G. Reddy et al., 2013).

102

Several different types of humidity sensors have been developed in recent years (J. T. W.
Yeow et al., 2006; W. P. Chen et al., 2009; J. J. Steele et al., 2007; R.A. Potyrailo et al., 2012; T.
Unander et al., 2009). However, the sensor characteristics, such as sensitivity, accuracy, linearity,
reliability and repeatability can be improved by applying novel fabrication methods and materials.
Most of the humidity sensors that have been reported are based on capacitance (A. Rivadeneyra,
et al., 2014; J. Virtanen et al., 2010). However, capacitive humidity sensors typically have a low
base capacitance (3 pF-36 pF) and are prone to parasitic noise from the measurement system. Even
though the base capacitance can be increased by using a larger sensor area, this is often not
desirable. Also, the implementation of capacitive sensors require complex circuity, which is
difficult to integrate in wearable systems (Wei, Yao et al., 2010). In addition, previous reports have
typically shown exponential capacitive responses with varying relative humidity (RH), thereby
leading to non-linearity. Further, the sensitivity and resolution of capacitive humidity sensors vary
with humidity levels due to its non-linear behavior (J. T. W. Yeow et al., 2006; W. P. Chen et al.,
2009; J. J. Steele et al., 2007; R.A. Potyrailo et al., 2012; T. Unander et al., 2009; T. Unander et
al., 2009).
Resistive type humidity sensors have been developed to overcome the non-linear response
and parasitic noise of capacitive humidity sensors in the measurement process (Chen et al., 2009;
J. J. Steele et al., 2007; R.A. Potyrailo et al., 2012). However, resistive type humidity sensors are
generally fabricated by coating the electrodes with a hygroscopic polymer-based sensing layer (J.
Han et al., 2012; A. D. Smith et al., 2015). In addition, these sensors have low dynamic ranges (30
- 42% RH) and low sensitivity (0.2 - 0.6% / % RH) (J. Han et al., 2012; A. D. Smith et al., 2015).
Further, higher hysteresis (6%-50%) is one of the main factors that can have an effect on the
stability and repeatability of the sensor’s performance (P. G. Su et al., 2014). In previous works,
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both capacitive and resistive based flexible humidity sensors have been reported with high
hysteresis (6%-50%). Even though several attempts have been made to reduce capacitive flexible
sensor hysteresis, the use of resistive based flexible humidity sensors has not been explored in
detail (C. Dai et al., 2007). Therefore, the development of a resistive type humidity sensor with
improved sensitivity, repeatability, reproducibility, detection range and low hysteresis is of high
importance. This work advances the field of humidity sensing by utilizing additive print
manufacturing processes to fabricate humidity sensors on flexible platforms.
Multi-walled carbon nanotubes (MWCNTs), are one of the most studied materials for gas
sensing, humidity sensing, force sensing and strain sensing applications. The high surface area to
volume ratio and a tube structure, along with the ease of length modification, makes MWCNTs an
optimum candidate for successfully detecting humidity, force and strain behavior (J. T. W. Yeow
et al., 2006; W. P. Chen et al., 2009; J. J. Steele et al., 2007; R.A. Potyrailo et al., 2012; T. Unander
et al., 2009; T. Unander et al., 2009). Capacitive and resistive humidity, pressure and gas sensors
based on CNTs have been based on functionalized CNTs and have demonstrated stable responses
and high sensitivity (T. Unander et al., 2009; T. Unander et al., 2009).
In this work, a flexible resistive based humidity sensor with a conductive MWCNT sensing
layer was fabricated. Interdigitated electrodes (IDE) and meandering conductive heater was
fabricated by depositing silver (Ag) ink on a flexible polyimide substrate using the screen printing
process. A MWCNT ink based sensing layer was deposited on the flexible polyimide substrate
using the gravure printing process. In addition, a heater was also monolithically fabricated using
screen printable silver ink for reducing the hysteresis. Surface morphology characterization was
performed for the printed electrodes and MWCNT sensing layer. The capability of the printed
humidity sensor was investigated by studying its resistive response towards varying RH.
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5.2 Methods
5.2.1 Chemicals and Materials
A flexible polyimide film (Kapton® 500HN) from DuPont was used as the substrate.
Conductive Ag ink (Ag 800) from Applied Ink Solutions was used for the IDE and meandering
heater. Hydroxyl (-OH) functionalized MWCNT\, Fig. 5.1, for FTIR spectra, with outer diameter
of 8 nm from Cheap Tubes Nanomaterials, was used as a conductive filler for the sensing layer.
Hygroscopic HEC (Cellosize™ Hydroxyethyl Cellulose EP-09, DOW chemical company) and
polyvinylpolypyrrolidone (PVPP) polymer (ViViPrintTM 540, Ashland Performance Materials)
were used as the polymer matrix and binder in the MWCNT ink, respectively. ECOSURF™ from
Dow® Chemical Company was used as the surfactant. Ethylene glycol diacetate, from SigmaAldrich Chemical Company, and de-ionized (DI) water were used as the cleaning solvents for the
Ag 800 and MWCNT/HEC inks, respectively. The sensors were connected using a spring-loaded
electrical connector (MULTICOMP P100-E4-250-G).

5.2.2 Ink Formulation
Fig. 1 (a) shows the steps involved in the preparation of the MWCNT ink. Initially, OHfunctionalized MWCNT (2.5 wt %), as a conductive filler, was added into the DI water, followed
by mixing (AR - 100 Condition Mixer) for 2 minutes at 1200 RPM to ensure proper dispersion.
HEC, an efficient water-soluble dispersant, was added to the MWCNT/DI solution in a 1:6 (w/w)
ratio. MWCNTs are a form of carbon that are highly entangled by van der Waals forces, forming
large bundles or dense agglomerates. To preventing agglomeration between the MWCNTs and
HEC, the MWCNT/HEC composite was mixed using the AR-100 Condition Mixer for 10 minutes
at 1500 RPM to obtain homogeneity [54]. In addition, PVPP was added and mixed for 5 minutes
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at 1500 RPM. The PVPP was chosen as a suitable binder due to its swelling behavior in water, and
its loading was restricted to 50 wt % of the MWCNT, maintaining a binder to filler ratio of 1:2.
Finally, 1 wt % of Ecosurf™ (Dow Chemical Company) surfactant was added to the prepared
MWCNT/HEC ink and was mixed for 5 minutes at 1500 RPM for reducing the surface tension of
the ink and to stabilize dispersions in the solvent mixture (Fig. 5.1 (b)). A contact angle of 59.6° ±
0.5° was measured for the MWCNT based ink with respect to the Kapton substrate using a First
Ten Angstroms (FTA) 200 goniometer by the sessile drop method (Fig. 5.2(a)). Similarly, a
contact angle of 22.9° ± 0.2° was measured for Ag film on gravure printed MWCNT film (on
Kapton substrate) (Fig. 5.2(b)). From the contact angle measurements, it can be concluded that
both the MWCNT based ink and Ag ink have hydrophilic nature as well as good wetting
characteristics.

(a)

(b)

Figure. 5.1. MWCNTs ink formulation: (a) steps involved in the MWCNT ink formulation
and (b) photograph of the MWCNT ink.
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Contact angle: 59.6° ± 0.5°

(a)
Contact angle: 22.9° ± 0.2°

(b)
Figure. 5.2. Contact angle of (a) MWCNT ink on Kapton substrate and (b) Ag800 ink on
MWCNT layer.

Fourier transform infrared spectroscopy (FTIR) was performed to verify the presence of
hydroxyl (-OH) functional groups on the surface of MWCNTs. The MWCNTs were mechanically
mixed with potassium bromide and compressed into a pellet. The pellet was placed in a
ThermoFisher Nicolet iS5 spectrometer and then FTIR spectra were analyzed using OriginPro
software (Fig. 5.3). Broad peak obtained at 3300 cm−1 indicates the characteristic stretching
vibrations of hydrophilic O-H bonds. The characteristic peaks at 2830 cm-1, 2390 cm-1 and 1650
cm−1 corresponds to the presence of the C-H bond, C-C bond and carbonyl (C=O) group,
respectively (Y, You, et al., 2012). Thus, the peaks from the FTIR spectra indicated the presence
of functional groups on the surface of MWCNTs and therefore, the -OH functionalized MWCNT
can be dispersed directly in the aqueous solution.
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Figure. 5.3. FTIR spectra wave number of the functionalized MWCNTs.

5.2.3 Humidity Sensor Design and Fabrication
The humidity sensors were fabricated using screen and gravure printing processes on a
flexible Kapton substrate. The sensor had an overall dimension of 7 mm × 40 mm and consisted
of four layers: Ag IDEs, MWCNT sensing layer, substrate and heater. The sensor was designed in
AutoCAD® software. The sensor consists of a pair of electrodes, with 24 IDE fingers that are 5 mm
long and 0.2 mm wide, with a pitch of 2.5 mm. The MWCNTs sensing layer area was designed
with a dimension of 10 mm × 7 mm.
The humidity sensor was fabricated on the Kapton substrate using a semi-automatic screen
printer (AMI MSP 485) and a laboratory scale gravure press (K-Printing Proofer). Initially, the
surface of the Kapton substrate was cleaned with isopropyl alcohol (IPA) and thermally treated in
a dry oven (Uamato DX 300) at 120 °C for 5 minutes. Then, a stainless steel screen (MicroScreen
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LLC), with mesh count of 325, wire diameter of 28 microns, mesh angle of 22.5 degree and
emulsion thickness of 12.7 microns was used for screen printing the Ag ink on the Kapton
substrate. The heater, for reducing the hysteresis, was printed on the bottom of the substrate for
minimizing cross-talk between the heater and the sensing layer [55]. The printed Ag ink was
thermally cured in a dry oven at 120 °C for 10 minutes. Then, a laboratory scale gravure press with
an electromechanically engraved gravure plate, from IR Engraving LLC, with 200-line screen (LS)
and 45° cell angle was used for gravure printing the MWCNT ink on the top of the Kapton
substrate, as a humidity sensitive layer. The printed MWCNT was thermally cured in the dry oven
at 110 °C for 5 minutes. Finally, the IDEs were screen printed on top of the printed MWCNT
sensing layer. The printed Ag ink was thermally cured at 120 °C for 5 minutes. A photograph of
the fabricated humidity sensor is shown in Fig. 5.4.

(a)

(b)

Figure. 5.4. (a) Printed humidity sensor with heater and (b) layers of the sensor.

The Morphology of the printed MWCNTs was observed using a JSM-7500F scanning
electron microscope (SEM) from Jeol. Initially, the printed humidity sensor was coated with
osmium (≈10 nm) for 15 s using a NEOC-AT osmium coater from Meiwafosis Co. Ltd. Then, an
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accelerating voltage of 2 kV was applied and the SEM micrographs of the MWCNTs was captured
at 4.5 mm working distance (Fig. 5.5). The micrographs indicate that the MWCNTs were
uniformly spread across the HEC polymer matrix on the Kapton substrate (Fig. 5.5(a)) with a
diameter of ~16 nm (Fig. 5.5(b)). In addition, the micrographs reveal less agglomeration of
MWCNTs and this indicates that MWCNTs were well dispersed in the ink due to the reduction of
van der Waals forces by hydroxyl (-OH) groups (V. S. Turkani et al., 2019). Following this, the
thickness and roughness of the printed MWCNTs sensing layer was measured using a Bruker
Contour GT-K vertical scanning interferometer. The 3D output of interferometer showed an
average thickness (ΔZ) and surface roughness (Ra) of 0.99 µm and 0.23 µm, respectively, for the
printed MWCNTs (Fig. 5.6).

nm
17nm

nm
15nm

nm
16nm

(a)

(b)

Figure. 5.5. SEM micrographs of the printed MWCNTs (a, b).
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4.9 μm

950.4
712.8
475.2
237.6

1267.2
950.4
633.6
316.8

-5.8 μm

(a)

14.4 μm

1267.2
950.4
633.6

950.4
712.8
475.2
237.6

316.8

-3.7 μm

(b)

Figure. 5.6. 3D output of the vertical scanning interferometry showing an average
thickness and roughness of (a) 0.99 µm and (b) 0.23 µm for the printed MWCNTs
sensing layer.

5.2.4. Experiment Setup
The experimental setup is shown in Fig. 5.7. The electrical connections for the printed
humidity sensor were made using the spring-loaded electrical connector. Multiple printed humidity
sensors were placed in a programable Thermotron® SE - 3000 environmental chamber and were
subjected to varying RH ranging from 10% RH to 90% RH, at a constant chamber temperature of
23 °C. The sensors were multiplexed to an Instek 6100 precision LCR meter using a Keithley 7700
multiplexer, which was integrated into a Keithley 2700 main frame. The Instek 6100 was used to
record the resistive response of each sensor sequentially, at an applied voltage of 1 V and an
operating frequency of 1 kHz (to obtain high sensitivity and minimize the electrical noise (Fig.
5,7) (K. K. Mistry et al., 2005). A custom-built MATLAB program was used for automatically
controlling the Keithley 2700 main frame and Instek 6100 LCR meter. This MATLAB program
sequentially switched the Keithley 7700 multiplexer channels through the Keithley 2700 main
frame and recorded the resistance values of the four humidity sensors using an Instek 6100 LCR
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meter. A pulse width modulation (PWM) voltage signal was used for driving the heaters. It is
known that a PWM signal is better in reducing the hysteresis and improving the power efficiency,
when compared to a DC voltage signal (P. Fürjes et al., 2003). A power amplifying circuit with a
unit gain was used to apply the PWM voltage signal to the heater using an Agilent E3610A
function generator, Agilent 33521A and metal-oxide semiconductor field-effect transistor
(MOSFET). An infrared based thermal camera (FLIR E53) was used for measuring the
temperature of the sensing layer of each sensor. The system was calibrated using ribbon cables
that have equal resistance and inductance in 1 KHz for each channel to interface Keithley 2700,
power amplifier circuit and humidity sensors under test.

Figure. 5.7. Experiment setup for measuring multiple humidity sensors.

5.3. Results and Discussion
5.3.1 Equivalent Circuit
The humidity sensor consists of capacitance (Cp) as well as resistance (Rp). As shown in
the schematic of humidity sensor (Fig. 5.8), the interdigitated electrodes (IDE) depict the capacitor,
in which the electrodes act as parallel plates and MWCNT/HEC composite layer act as dielectric
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layer. In addition, MWCNT/HEC composite layer also acts a resistor. The equivalent circuit of the
sensor with two electrodes and sensing layer has been well explained in the literature (Z. M.
Rittersma et al., 2012) and is shown in Fig. 5.8. The impedance (Z) of the sensor can be
mathematically represented by Eq. 5.1

Z=

1
jωCp
1
Rp +
jωCp

Rp ×

(5.1)

where ω is excitation signal frequency (it was observed that the reactance part of the
impedance is capacitive, 1/(jωC)). Equation 1 can be simplified as,

Z=

Rp
Cp R p
−
jω
1 + ω2 Cp2 R2p
1 + ω2 Cp2 R2p

|𝑍| = √(

|𝑍| =

𝑅𝑝 √1+𝜔2 𝐶𝑝2 𝑅𝑝2
1+𝜔2 𝐶𝑝2 𝑅𝑝2

𝑅𝑝
𝐶𝑝 𝑅𝑝
2+(
)
)2
1 + 𝜔 2 𝐶𝑝2 𝑅𝑝2
1 + 𝜔 2 𝐶𝑝2 𝑅𝑝2

=

𝑅𝑝
√1+𝜔2 𝐶𝑝2 𝑅𝑝2

(5.2)

Equation 5.2 shows the simplified representation of the sensor’s equivalent circuit model.
The fabricated sensor has a measured capacitance of ~5 pF and resistance of ~15 kΩ.
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(a)

(b)

(b)

Figure. 5.8. Schematic of a parallel plate capacitor with polyimide as dielectric film (a) top
view, (b) side view and (c) equivalent circuit of the sensor.

5.3.2. Printed Heater Characterization
The performance of the heater was investigated by measuring its temperature response
towards a 20 Hz PWM signal at 14% duty cycle. An average resistance of 26.0 ± 0.3 Ω was
measured for the heater at room temperature, ≈23 °C. The surface temperature profile of the
printed heater is shown in Fig. 5.9(a). The measured temperature was 29.6 °C at an applied voltage
and power of 2 V and 2.5 mW, respectively. In addition, the temperature response of the printed
heater was characterized for peak voltages varying from 1 V to 3.5 V, in steps of 0.5 V (Fig.
5.9(b)). It was observed that the temperature of the heater was directly proportional to the input
voltage signal. A saturation temperature of 24.7 °C, 29.3 °C, 34.8 °C, 43.8 °C, 52.4 °C and 65.2
°C were observed after 300 s.
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(a)
(b)
Figure. 5.9 (a) Temperature distribution over the humidity sensor when heater was
activated and (b) temperature response of the printed heater for varying voltages.

5.3.3 Thermal Characterization
Four humidity sensors were used for investigating the hysteresis by applying different
voltages for the printed heater. The heater will de-absorb the trapped water molecules in the printed
MWCNT during dehumidification and thus reduces the hysteresis. However, high heater
temperatures will reduce the sensitivity since it will be difficult for the MWCNT to absorb water
molecules during humidification, thereby resulting in increased hysteresis. The humidity sensors
were placed in a Thermotron® SE - 3000 environmental chamber and were subjected to relative
humidity varying from 30% RH to 60% RH, at a constant room temperature of 23 °C. Hysteresis
was calculated using Eq. (3) (R.S. Figliola et al., 2015):

𝑀𝑎𝑥 𝐻𝑦𝑠𝑡𝑒𝑟𝑒𝑠𝑖𝑠 (%𝑓𝑠𝑑) =

max(𝑂𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑖𝑛𝑔𝐼 − 𝑂𝑖𝑛𝑟𝑒𝑎𝑠𝑖𝑛𝑔𝐼 )
(5.3)
𝑂𝑚𝑎𝑥 − 𝑂𝑚𝑖𝑛

where, fsd is the full-scale deflection, O and I are the de-humidification and humidification
resistances of the sensor, respectively. The maximum humidity level in the chamber was set to
60% RH to avoid the saturation effect of the MWCNTs. The response of the humidity sensors was
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(1)

characterized for peak voltages varying from 0 V to 3 V, in steps of 1 V. Fig. 5.10 shows the
resistive response of the four humidity sensors at 0 V, 1V, 2V and 3 V. A maximum hysteresis of
13.9%, 5.2%, 3.9% and 10.3% was calculated for the humidity sensor during humidification and
de-humidification. The hysteresis was lowest when the applied voltage was 2 Vp-p and the
temperature response of the heater was 28 °C. The average power consumption was calculated
using Eq. (5.2) and (5.3)

𝑉𝑟𝑚𝑠 = √𝐷 ∙ 𝑉𝑝

𝑃𝑎𝑣𝑒 =

2
𝑉𝑟𝑚𝑠

𝑅

.𝐷

(2)

(5.4)
(5.5)

where Vrms is root-mean-square (RMS) voltage, D is the duty cycle of PWM, Vp is peak
voltage, Pave is average power consumption and R is the heater resistance. The Pave at 2Vp was
approximately 2 mW which is relatively low.

5.3.4 Humidity Sensor Characterization
A PWM voltage signal with a duty cycle of 14% and amplitude of 2 Vp-p was applied to
the printed heater at a frequency of 20 Hz, with a power consumption of 2 mW. This enabled the
surface of the device to be maintained at ≈29 ℃ with an environmental chamber temperature of
23 ℃. Fig. 5.10(a) shows the dynamic resistive response of the printed sensor towards varying RH.
The humidity of the chamber was varied from a base 10% RH to a maximum of 90% RH during
the humidification process and from 90% RH to 10% RH during the de-humidification process, in
steps of 20% RH. It was observed that the resistive response of the humidity sensor increased
during the humidification process and recovered back during the de-humidification process.
Resistive change of 0%, 2.5 ± 0.5%, 5.9 ± 0.6%, 16.1 ± 1.1%, 30.4 ± 0.7%, 55.0 ± 3.7% and 0.6 ± 1.2%, 7.2 ± 0.8%, 18.2 ± 1.2%, 33.3 ± 1.3%, 55.0 ± 3.7% were measured for the humidity
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sensor during humidification (10% RH to 90% RH) and de-humidification (90% RH to 10% RH),
respectively, at steps of 20% RH (Fig. 5.10(b)). This resulted in an overall resistance change of
55% for the humidity sensor. Overall hystereses of -1.1%, 2.5%, 3.9%, 5.1% were calculated for
humidity levels at 10% RH, 30% RH, 50% RH and 70% RH, respectively. From the results, it was
observed that the maximum hysteresis for the resistive response of the humidity sensor was 5.1%
at 70% RH. A comparison summary of the printed humidity sensor with some reported humidity
sensors in terms of the flexible substrate utilized, sensing material and hysteresis is provided in
Table 5.1. It can be noted that the printed humidity sensor with heater has an appreciable reduction
in hysteresis compared to other sensors.
Table 5.1: Comparison summary of resistive based flexible humidity sensors.
Substrate
Kapton
PET
Textiles
Kapton
Kapton
PET
Kapton

Materials
(CF)n
MMA/MAPTAC
Nafion®
(CF)n
MWCNTs
MWCNTs
MWCNTs

% RH range
20% RH - 70% RH
10% RH - 90% RH
30% RH - 90% RH
20% RH - 70% RH
20% RH - 90% RH
20% RH - 80% RH
10% RH - 90% RH
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Hysteresis
≈28%
≈6%
≈15%
≈28%
≈17%
≈20%
≈5%

Reference
[64]
[65]
[66]
[67]
[68]
[69]
Present work

(a)

(b)
Figure. 5.10. (a) Dynamic resistive response of the printed humidity sensor for
humidification (10% to 90% RH) and dehumidification (90% to 10% RH) cycles and (b)
calibration curve of the humidity sensor.

To understand the detection capability of the device, four printed humidity sensors were
used to measure the environmental humidity, with an increased resolution step size of 10% RH
from 20% RH to 80% RH during the humidification process and from 80% RH to 20% RH during
the de-humidification process. The experiment was repeated three times and it was observed that
resistance changes of 0%, 2.5 ± 0.5%, 6.0 ± 0.8%, 10.4 ± 0.9%, 18.0 ± 0.9%, 28.1 ± 1.5%,
40.0 ± 1.7% and 0.2 % ± 0.4%, 4.1 ± 0.8%, 8.3 ± 1.1 %, 13.2 ± 2.2%, 20.3 ± 1.2%, 29.8 ± 1.8%,
40.0 ± 1.7%, respectively, were measured for the humidity sensor during humidification (20% RH
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to 80% RH) and de-humidification (80% RH to 20% RH), respectively (Fig. 9(b)). This resulted
in an overall resistance change of 40.0 ± 1.7% for the humidity sensors from 20% RH to 80% RH.

(a)

(b)
Figure. 5.11. (a) Dynamic resistive response for humidification (20% to 80% RH) and
dehumidification (80% to 20% RH) and (b) calibration curve of printed humidity sensor.

The resistance of the humidity sensor changes with respect to the variation in the ambient
RH levels due to the presence of MWCNTs and HEC. The MWCNTs exhibits a p-type
semiconducting characteristic, where the electrical conduction is dominated by holes. When the
RH levels are increased, the water molecules are adsorbed on to the humidity sensor. Due to the
electrical potential difference between the water molecules and MWCNTs, the electrons from
water molecules transfers to MWCNTs which in turn reduces the holes in MWCNTs and increases
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the resistance. In addition, the hydroxyl groups of HEC absorb water molecules and exhibit
physical swelling upon exposure to humidity. Typically, MWCNTs are embedded in the HEC
matrix and the swelling of HEC can expand the gap between MWCNTs thereby increasing the
electrical resistance of the sensor. During de-humidification, the water molecules desorb from the
humidity sensor resulting in the increase of holes in MWCNTs as well as the shrinking of HEC,
thus leading to the decrease in the electrical resistance of the humidity sensor. The presence of
MWCNTs and HEC together contributes to the change in the electrical resistance with respect to
the variations in the RH levels.

5.3.5. Response and Recovery Time
The response and recovery time of the printed humidity sensor were measured when the
relative humidity in the chamber was interchanged between 10% RH to 90% RH, at constant
relative temperature of 23 °C. The response time, defined as the time taken to achieve 90% of the
total resistance change, was measured to be 4.6 minutes when compared to the environmental
chamber sensor (HUMICAP 180 from Vaisala) response of 3 minutes. The printed sensor had a
slightly slower response time than the chamber humidity sensor (Fig. 10(a)). The recovery time,
defined as the time taken by the sensor to go from 90% to 10% of its resistance value was measured
as 30.9 minutes for the printed humidity sensors and 37.7 minutes for the chamber humidity
sensor. The environmental chamber typically requires relatively longer times for dehumidification compared to humidification. In addition to this, the desorption/evaporation of water
molecules on the surface of the humidity sensor takes longer time compared to absorption. Both
of these factors contribute to the higher recovery time. However, it is worth noting that the recovery
time of the printed humidity sensor was 22% faster when compared to the reference humidity
sensor (HUMICAP 180 from Vaisala) of the environmental chamber.
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(a)

(b)
Figure. 5.12. (a) Response and (b) Recovery time of the humidity sensor

5.3.6. Repeatability, Stability and Reproducibility
The repeatability of four humidity sensors were verified by subjecting them to 3 cycles of
humidity tests, from 10% RH to 90% RH. As shown in Fig. 11(a,b,c), the sensors exhibited high
stability and repeatability in performance even after three humidity cycles. It was observed that
the maximum variation, at 90% RH, among the four sensors were 3.7 %, 4.3 % and 2.3 % at run
1, run 2 and run 3, respectively. Maximum hystereses of 4.9 ± 0.2 %, 4.6 ± 0.3 % and 4.1 ± 0.1 %
were measured for run 1, run 2 and run 3, respectively at 70% RH. It was also noted (Fig. 5.13(d))
that the dynamic chamber response shows overshoot during humidification. The printed humidity
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sensors also have overshoot during those humification cycles, it shows that the sensors follow the
chamber response.

(a)

(b)

(c)
(d)
Figure. 5.13. Dynamic resistive response of 4 sensors for (a) Run 1, (b) Run 2 and (c) Run 3;
and (d) dynamic response of chamber.

Following this, the sensors were kept in the environmental chamber and their resistance
response was monitored for 5 days by maintaining the humidity and temperature of the chamber
at 10% RH and 23 °C, respectively (Fig. 5.14). It was observed that the resistance of the sensor
was stable with no noticeable variation. The experiment was continued for 50% RH and 90% RH,
and no effect was observed on the humidity sensors response. In addition, the ageing effect was
also investigated on the humidity sensor by recording its resistance response for varying RH levels
before and after four months’ time period (Fig. 5.15). A maximum relative resistance change of
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1.5% was observed for the humidity sensor at 30% RH (de-humidification) before and after four
months with minimal ageing effect thus showing good reproducibility.

Figure. 5.14. Stability of the printed humidity sensors

Figure. 5.15. Comparison of sensor performance before and after 3 months for humidification (20%
to 80% RH) and de-humidification (80% to 20% RH).
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5.3.7. Bending Test
To investigate the mechanical stability of the humidity sensor, it was subjected to bend
tests with a radius of curvature (RC) varying from 0.5" to 6". Figure 5.16 (a) shows the schematic
for the bend test and Fig. 5.16(b) depicts resistive response of humidity sensor with varying RC.
The results indicated that the humidity sensor has low sensitivity to mechanical deformation for
RC of 1.5" and above, with a maximum resistance change of 0.92% at 1.5” RC.

No mechanical bending

With mechanical bending

(a)
(b)
Figure. 5.16. (a) Schematic of the bend test of sensor and (b) resistive response of humidity
sensor with varying radius of curvature.

5.3.8. Temperature Effect
The resistance of the printed humidity sensor was measured for different temperatures at
10% RH, 30% RH, 50% RH, 70% RH and 90% RH to study its performance under different
thermal operating conditions. The temperature was set to 29.4 °C (85 °F), 23 °C (73.4 °F) and
12.8 °C (55 °F), for each RH level. Fig. 5.17 shows a typical dynamic resistive response of the
sensors as a function of temperature and humidity. No noticeable resistance changes were observed
with respect to the temperature variations at 10% RH, 30% RH, 50% RH, 70% RH. The result
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demonstrated that the resistance response of the printed sensor was constant for small temperature
variations. The increase in resistance response as the RH level increases can be attributed to the
increase in the number of water molecules available to interact with the MWCNT networks.
However, at 90% RH, the resistance of the humidity sensor was increased from 22.3 kΩ to 22.9 kΩ
to 23.7 kΩ when the temperature of the environmental chamber was decreased from 29.4 °C to
23 °C to 12.8 °C. The thermal energy provided to the electrons by the water molecules increases
with increasing environmental temperature. The imparted thermal energy is sufficient for the
electrons to overcome the barrier between the carbon nanotubes in the network, which results in a
decrease in the sensing layer resistance (J.T.W Yeow et al., 2006).

Figure. 5.17. Dynamic resistive response of humidity sensor as a function of humidity and
temperature.

5.3.9. Effect of Excitation Signal Frequency
When the humidity sensor is excited by the ac signal with a certain frequency, and is
exposed to water molecules (polar), the water molecules try to orient and reorient themselves along
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the alternately changing electric field (Z. M. Rittersma et al., 2012). At higher excitation signal
frequencies, the direction of the electric field changes rapidly, where the water molecules will be
unable to follow the direction of the electric field, due to their inertia. This leads to the absorption
of fewer water molecules by MWCNT/HEC composite layers and decreases the relative change in
the sensor’s response, which in turn reduces the sensitivity of the sensor. In contrast, at low
frequencies, the direction of the electric field changes slowly, where the water molecules can easily
follow the electric field and leads to the absorption of more water molecules by MWCNT/HEC
layers. This results in higher relative change as well as the sensitivity of the sensor. In summary,
the excitation signal frequency is inversely proportional to the sensitivity of the humidity sensor.
This phenomenon/hypothesis has been confirmed by experimentally investigating the
effect of excitation signal frequency (1 kHz to 80 kHz) on the relative resistance response of the
humidity sensor for varying ambient RH levels ranging from 20% RH to 60% RH, in steps of
10% RH (Fig. 5.18(a)). Overall relative resistive change of 18%, 16.9%, 15.9%, 8.7% and 4.1%
were measured for the humidity sensor for 1 kHz, 20 kHz, 40 kHz, 60 kHz and 80 kHz,
respectively, when the RH levels were varied from 20% to 60%. It was observed that the relative
change which is proportional to the sensitivity, gradually decreased when the excitation signal
frequency was increased. This phenomenon was also reported in the literature stating that the
resistive response at low frequency is suitable for higher sensitivity (X. Zhang et al. 2019a).
At lower frequencies, typically the signal to noise ratio (S/N) is higher due to the electrical
noise. The effect of lower excitation signal frequency (100 Hz and 1 kHz) on the humidity sensor
has been demonstrated by investigating its dynamic resistance response at 40% RH and 23 °C.
From Fig. 5.18(b), it was observed that the humidity sensor excited at 100 Hz and 1 kHz for ~15
minutes has a resistance of 13522.8 ± 80.0 Ω and 13195.2 ± 34.7 Ω. It is evident from the standard
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deviations that the sensor response at 1 kHz has better stability. Therefore, 1 kHz excitation signal
frequency was chosen for recording the resistive responses of the humidity sensor to obtain high
relative resistance change (sensitivity) with low electrical noise.

(b)

(a)

Figure. 5.18. Humidity sensor’s resistive response for varying frequencies (a) 1 kHz to
80 kHz and (b) 100 Hz and 1 kHz.

5.4 Conclusion
In this work, a flexible resistive based humidity sensor with a heater was successfully
fabricated using screen and gravure printing processes. The capabilities of the sensors were
investigated by varying the ambient % RH around the sensor from 10% RH to 90% RH and
recording the sensors’ resistive responses. It was observed that the sensor resistance increases as
the humidity level increases, and vice-versa. This is due to the p-type semiconducting
characteristics of MWCNTs as well as the swelling/shrinking property of HEC. The flexible sensor
shows stable performance with low hysteresis, high repeatability and reproducibility. The
experiments show an overall resistance change of ~55% when the sensor was subjected to
90% RH, when compared to 10% RH. A maximum hysteresis of ~5.1%, at 70% RH, was
calculated for the resistive response of the sensors. The fabricated sensors can be bent down to RC
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of 1.5 inch with less than 1% change in resistance. The results demonstrated the feasibility of
employing additive manufacturing processes for the development of cost efficient, flexible, highly
repeatable and reproducible humidity sensors for potential applications in several industrial and
consumer products. Future work is focused on optimizing the performance of the printed sensors,
in terms of response time, by investigating the effect of area and thickness of sensing layer towards
varying % RH.
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CHAPTER 6
CONCLUSION AND FUTURE WORK
6.1 Conclusion
In this dissertation, the author has developed a novel wireless multi-channel stethograph
system for monitoring cardiovascular and cardiopulmonary diseases. Also, the author has explored
the possibility of adventitious sound detection algorithm using digital signal processing techniques
along with STG system to develop a program for crackle, wheeze, rhonchi and squawk. In addition,
the author was used screen printing and gravure printing technique to developed a resistive based
humidity sensor.
In the first project, a multi-channel stethograph system was successfully developed to
record and plot HLT sounds non-invasively through a set of 16 acoustic sensors. It has overcome
the limitations of current stethoscope systems and has an advanced signal conditioning board with
Wi-Fi communication functionalities for detecting, conditioning and transmitting HLT sounds
simultaneously. The recorded audio files and plotted waveforms of the HLT sounds demonstrated
the capability of employing the multi-channel stethograph system for visual examination of any
abnormal patterns in inhalation and exhalation thus providing information to physicians, which
helps in analyzing the heart and the lungs condition and diagnosing CCD. The STG system
provides various benefits including improved quality of care and clinical productivity through
faster testing particularly when X-Rays or CAT scans are to be avoided; increased physician
productivity through the immediate display of results vs X-Ray delays. It provides cost savings
from decreased use of X-Rays, echocardiographs, and other tests; lower risk of misdiagnosis by
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the visualization of sound waves, the automated counting of wheezes, crackles and other sounds
and through the use of reference materials and sound samples.
In the second project, the proposed method for wheeze episode detection from lung sound
analysis is a development to be compatible with stethographic devices and overcomes the
drawbacks of previous approaches. The proposed algorithm that integrates various parameters for
adventitious sound detection in accordance with the medical paper and experimental testing
results. The proposed algorithm is comprehensive, smart, accurate, non-intensive and avoids
unnecessary complex classification techniques and models. The frequency and duration of
adventitious sound are the criterial in the proposed program for detect adventitious sounds. The
proposed program detects the adventitious sound with a sensitivity of 100% and normal lung
sounds from being classified as adventitious sound with a specificity of 95%. Combination of
electronic stethoscope and Sound Recognition Algorithm in real-time will result in easily
implemented, user-friendly processing and cost-effective and efficient, which could enhance early
inspection of lung disorder and early treatment. A possible limitation of the developed algorithm
is the sensitivity of detection of the adventitious sound. A small number of HLT sound sets from
dataset has weak adventure sound level and algorithm was able to detect. For future work, a largescale tests must take place in a new set of patients adopting the proposed technique to test the
validity, sensitivity, and specificity in detecting adventure sound.
In the third project, a flexible resistive based humidity sensor with a heater was successfully
fabricated using screen and gravure printing processes. The capability of the sensor was
investigated by varying the ambient % RH around the sensor from 10% RH to 90% RH and
recording the sensors’ resistive response. It was observed that the sensor resistance increases as
the humidity level increases, and vice-versa. This is due to the p-type semiconducting
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characteristics of MWCNTs as well as the swelling/shrinking property of HEC. The flexible sensor
shows stable performance with low hysteresis, high repeatability and reproducibility. The
experiments show an overall resistance change of ~55% when the sensor was subjected to 90%
RH, when compared to 10% RH. A maximum hysteresis of ~5.1%, at 70% RH, was calculated for
the resistive response of the sensor. The fabricated sensors can be bent down to RC of 1.5 inch
with less than 1% change in resistance. The results demonstrated the feasibility of employing
additive manufacturing processes for the development of cost efficient, flexible, highly repeatable
and reproducible humidity sensors for potential application in several industrial and consumer
products.

6.2 Future Work
Based on the deep knowledge and strong background during this dissertation work, the
author believes that there are several possibilities and opportunities to improve upon the current
projects as future work.

6.2.1 Development of a Novel Wireless Multi-Channel Stethograph System for
Monitoring Cardiovascular and Cardiopulmonary Diseases.

The future work is focused on optimized the stethoscope device in teams of microphone
selection, filtering capability and amplification capability. Also performing the clinical studies by
coordinating with hospitals is necessary. (1) comparing different types of commercial microphones
and selecting the best microphone based on the signal to noise ratio. (2) increase the order of the
lowpass filter and highpass filter to achieve high filtering capability. (3) Adjust the resistors for
the non-inverting amplifier to obtain higher signal to noise ratio.
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6.2.2 An Efficient Respiratory Wheeze, Rhonchi and Squawk Sound
Recognition Algorithm in Real-Time Environment

Further research could be performed to enhance the accuracy of the algorithm and
investigate more abnormality that can be utilized for algorithm development. (1) change the
resolution of the time-frequency waveform to increase the accuracy in detection of the adventitious
sound. (2) Using machine learning to optimized the threshold for parameters classification in
frequency and time duration for increase the accuracy of adventitious sound identification. (3)
evaluate more medical papers that might able to find more features for detecting more types of the
adventitious sound.

6.2.3 Printed Carbon Nanotubes-Based Flexible Resistive Humidity Sensor
Future work may include further research to investigate the potential of increasing the
sensitivity and response of the printed sensors based on one or more of the following steps. (1)
increase the response time by decrease the thickness of the sensing layer using different printing
techniques, such as Aerosol jet printer. (2) Replace Kapton substrate by a hydrophilic substrate
such as cellulose paper to increase the sensitivity. (3) Optimization of the power supply to increase
the sensitivity of the sensor. (4) decrease the silver electrode cover areas by change the current
commercial silver ink to other silver inks, which have less ink spreading. (5) the shape of the
electrode can further be optimized by using COMSOLTM to design different IDE dimensions. This
could aid in increasing sensor sensitivity. And finally, (5) develop humidity sensor compact
readout circuits for wearable applications.
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